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General introduction and scope 
Since the introduction of chromatography in the beginning of the 20th century, many 
variants and alternative separation techniques have been developed. The quest for ever 
higher separation efficiencies has led to an impressive incremental series of innovations and 
improvements, particularly for liquid chromatography (LC). During the last two decades 
ultra-high pressure liquid chromatography has been developed, leading to a substantial gain 
in efficiency and speed of analysis. Simultaneously, super-critical fluid chromatography has 
become an increasingly interesting fast and viable alternative to LC. Nowadays, however, it 
can be argued that high-performance liquid chromatography (HPLC) reached its limit in 
terms of achievable performance. Although it outperforms gas chromatography (GC) in 
terms of selectivity, the maximum performance reached with LC cannot compare to GC. 
Parallel to the development of pressure-driven liquid chromatography, a number of 
powerful electrodriven techniques have also emerged. In the electrodriven modes  the 
separation occurs by the movement of solutes under influence of an externally applied 
electrical field. In capillary zone electrophoresis (CZE) the separation will be solely the result 
of electrophoresis, which is the differential movement of charged solutes under influence of 
an external applied electrical field. Electrophoresis can be superimposed by other separation 
techniques, such as gel electrophoresis, where solutes are also separated by their size as 
they move through a gel with defined pores. The separation of neutral molecules can be 
obtained by micellar electrokinetic chromatography, where separation is obtained by the 
differences in partitioning of the solutes into micelles. Very high efficiencies (> 500,000 N) 
can typically be obtained with these methods.  
The development of a hybrid technique combining the high efficiencies achievable in CE 
(capillary electrophoresis) and the selectivity of HPLC, was therefore the next logical step to 
achieve an even better performing separation technique. Capillary electrochromatography 
(CEC) is typically performed on fused-silica capillaries filled with LC types of stationary 
phases. The mobile phase which percolates through the stationary phase in the capillary 
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column is driven by an electrical field. Solutes are separated by differences in their degree of 
partitioning between the mobile phase and the stationary phase and additionally according 
to their charge over size ratios in the case of charged solutes. The use of electroosmosis as 
the driving force induces a plug-like profile which reduces the solute dispersion compared to 
a parabolic flow profile. Moreover, the electrodriven flow is independent of the particle size 
and the length of the column. This theoretically enables the application of long columns 
packed with sub-µm particles. As a consequence, very high efficiencies can be obtained with 
CEC. 
The theoretical framework of CEC was established in the late eighties and initially this new 
separation technique gained a lot of academic interest, leading to the development of CEC 
analyses on different column formats, such as packed, monolithic and open-tubular 
columns. However, after three decades of CEC development, industrial implementation 
remains largely unreported, which is a telltale sign of an immature or flawed technique. 
After establishing the theoretical framework, most research focused on the development of 
new varieties of stationary phases with little attention for the investigation and elimination 
of the practical limitations of CEC, such as the challenging hyphenation to mass 
spectrometry, the lack of robustness and the lower than expected column performance in 
comparison with HPLC. A major issue in CEC is also the fact that the generation of flow is 
coupled to the properties of the particle and that therefore selectivity and flow generation 
are hard to optimize in an independent way.  
Compared to gas chromatography, the performance of fluid-driven separation techniques 
remains much lower, resulting in an continuing drive and need for the development of highly 
efficient electrodriven separation approaches. Consequently, CEC still seems to be the best 
technique for these analyses as it combines chromatographic and electrodriven separation 
features.  
However, to investigate and overcome the current limitations of CEC, the column 
performance of contemporary CEC should be evaluated in a more unbiased way. For 
example, in most of the available literature, the column performance in CEC has been 
evaluated by constructing van Deemter curves of slightly retained and/or ionized solutes. In 
this way high efficiencies are often obtained on packed columns. However, these are often 
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due to a variety of electrostatic peak focusing phenomena and are completely unrelated to 
the actual performance of the packed phase. Therefore, implementation of an independent 
tool, allowing the evaluation of CEC column performance, seems a necessary development. 
The general objective of this thesis is the evaluation and critical appraisal of CEC as highly 
efficient separation technique. As a consequence, the first goal is the development of more 
universal ways to assess column performance in CEC, allowing less biased comparison of the 
performance of CEC columns with different dimensions of varying formats and containing 
different stationary phases. A related goal is the evaluation hydrophilic interaction CEC (HI-
CEC) on packed capillaries. HI-CEC is not largely reported, but seems however promising to 
separate polar and basic solutes. More specifically, the application of packed bed HI-CEC is 
attractive as the packing procedure is less complex compared to the packing of reversed-
phase type CEC columns.  
As the use of open-tubular columns in CEC seems promising as very long columns can be 
made in an more facile way compared to the manufacturing of packed columns, an 
additional goal of this study has been the development efficient and performant open-
tubular columns and consequently the evaluation of their performance by the kinetic plot 
method. Finally, one important goal of the thesis has also been the investigation of the 
influence and possibilities of temperature control and temperature gradients in CEC.   
The first part of this work comprises of the theoretical framework, the instrumentation and 
the literature study. Chapter I introduces the theory of chromatography and electrodriven 
methods. Chapter II describes the instrumentation of capillary electrodriven methods and 
focuses particularly on the specific instrumentation for CEC and hyphenation to several 
detectors. In Chapter III a literature survey is performed on the different modes and the 
column technology applied in CEC.  
The second part of this thesis comprises the development and evaluation of the packed and 
open-tubular capillaries. In Chapter IV the kinetic plot method is adapted to CEC as an 
universal comparative tool of the column formats in CEC versus HPLC. The kinetic 
performance limits of commercial capillaries are calculated and demonstrated. Furthermore, 
an in depth study of analysis temperature effects demonstrates that joule heating is still 
occurring in commercial packed capillaries with relatively large capillary diameters (ID 75 
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µm). Therefore, simulations are made to reveal the optimal performance of packed CEC, in 
the absence of joule heating, with smaller particles and when using ultra-high voltages.  
The application of hydrophilic interaction capillary electrochromatography is established in 
Chapter V. The packing strategy of native silica particles into a capillary column is described. 
Subsequently, the performance of the in-house packed capillaries is investigated by means 
of the kinetic plot method. Furthermore, the influence of the modifier concentration and the 
buffer concentration are described. Finally, the relevance of the hydrophilic interaction 
mode in CEC is demonstrated via the analysis of several test mixtures.   
The application of a polystyrene-based open-tubular capillary in CEC for the separation of 
aromatic compounds is demonstrated in Chapter VI. The approach is promising as the length 
of the capillary is not limited by packing pressure. Less heat (Joule heat) will be generated in 
these capillaries as the generated current will also be limited due to the small internal 
diameters (10 µm) of these capillaries. Coupling to MS can be achieved more easily which 
overcomes the limited sensitivity of UV detection when using these narrow capillaries. 
Moreover, faster heat dissipation occurs due to the open-tubular nature of such columns. In 
this work, the polystyrene layer is copolymerized with sulfonic acid groups, which enhances 
EOF generation significantly. The procedure to prepare these columns is optimized and 
characterized. Furthermore, the influence of modifier and buffer concentration is 
investigated. Finally, the application of temperature gradients in open-tubular CEC is 
introduced.  
Another open-tubular approach, based on the synthesis of a meso-porous layer of SBA-16, is 
reported in Chapter VII. This preliminary research focuses on the synthesis and coating of a 
finite layer of SBA-16 on the capillary wall, combined with the measurement of the retentive 
characteristics after grafting functional groups onto the modified column walls. 
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Chapter 1 
 
Principles and theoretical considerations of CEC 
This chapter describes the principles and theoretical considerations of capillary 
electrochromatography. Capillary electrochromatography is considered as a hybrid 
technique, combining features of capillary electrophoresis and liquid chromatography. 
Therefore, the characteristics of a chromatographic separation are first described, followed 
by a discussion of the retention mechanisms and achievable performance in liquid 
partitioning chromatography. Subsequently, the principle of electrophoresis is explained. 
Finally, the fundamental aspects of capillary electrochromatography are introduced by 
combining the principles of the two approaches. 
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1 Introduction 
Capillary electrochromatography can be considered as a hybrid technique, combining the 
principles from electrophoresis and liquid chromatography. The mobile phase of this 
electrodriven technique percolates through the capillary and over the stationary phase 
under influence of an electrical field. Therefore, the technique is comparable to 
electrophoresis. However, the separation of neutral solutes rely on the partitioning of the 
solutes between the  mobile and a stationary phase, which is characteristic for liquid 
chromatography. Furthermore, ionized solutes will be separated by both the process of 
partitioning chromatography and by electrophoresis. As a consequence, the theory 
describing capillary electrochromatography refers to the concepts of electrophoresis and 
partitioning chromatography. Therefore, the fundamentals of partition chromatography and 
electrophoresis will be discussed separately. Finally, the underlying theory of capillary 
electrochromatography will be explained. Hereby will be particular focus will be set on the 
unique features of CEC that will influence the flow generation mechanism and/or the 
separation process. 
2. Theoretical aspects of chromatographic separations 
In a chromatographic separation a mixture of solutes is introduced in a two-phase system. 
One phase is stationary while the other phase is mobile (liquid or gas) and flows through the 
column. Solutes in the mobile phase will move with the mobile-phase velocity, while solutes 
partitioned into the stationary phase will stay stationary. Therefore, separation can occur 
based on differences in the partitioning of the solutes. 
2.1 Resolution as a measurement for the quality of the separation  
The concentration distribution of a solute along the axis of a column displays in an ideal case 
a Gaussian distribution (bell shaped peak). The peak is characterized by the retention time tr 
and its width w, as depicted in Figure I.1. The latter is the result of the peak broadening, 
occurring during the movement of the solute through the column. In ideal cases, only 
chromatographic processes contribute to the band broadening of the solute. However, extra 
peak broadening effects, contributing to the band width of the solute, can be caused by 
injection, detection, radial temperature gradients, etc. 
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 Figure I.1. Characterization of a chromatographic peak. 
 
Band broadening in the column is traditionally expressed in units of dimensionless plate 
numbers (N) or plate heights (H). The former expresses the peak variance (or the efficiency 
of the column) while the latter expresses the variance per unit length [1]. 
The efficiency of the column can be derived from the peak characteristics: 
 
      
  
  
 
 
       
  
  
 
 
  
  
 
 
 
 Eq. I.1 
 
where wb represents the base width of the peak and wh the peak width at half height. The 
plate height of a column is calculated by the ratio the column length, L and the plate number 
 
   
 
 
 
Eq. I.2 
 
In chromatographic systems, the amount of retention of a component is by preference 
described by the dimensionless retention factor k. The retention factor describes the 
distribution of the component between the stationary phase and the mobile phase and can 
be defined as the dwell time in the stationary phase over the dwell time in the mobile phase. 
Therefore, the retention factor will specify the location of the peak in the chromatogram and 
give more insight in the interactions of the components with the stationary and mobile 
t
tr
tr’t0
unretained solute
signal
time
wb
wh
σ
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phase. Prior to elution, the component will stay a certain time (the net retention time) in the 
stationary phase , tr', and a certain time (the void time) in the mobile phase, t0. The velocity 
of the mobile phase is the same for every component and therefore can be determined by 
monitoring the elution time of an unretained component.  
Therefore the total elution time, tr, of the component is described by the sum of the void 
and the net retention time (Eq I.3). 
           
          Eq. I.3 
 
Consequently, the retention factor (k) corresponds to 
 
  
      
   
 
Eq. I.4 
 
The relative difference in retention behavior between the stationary phase and two selected 
components can be expressed by the selectivity α21  
 
     
  
  
 
Eq. I.5 
 
The overall separation for two solutes on a specific column (and under well defined 
conditions) is expressed by the resolution. The latter is dependent on the column efficiency, 
the selectivity and on the retention factor as shown in Eq. I.6. 
 
   
  
 
 
   
 
  
    
  
Eq. I.6 
 
The resolution is graphically expressed by the difference between the retention times of two 
adjacent peaks, divided by their averaged peak widths. 
 
   
            
         
  
Eq. I.7 
 
Finally, the performance of acolumn can also be expressed in terms of peak capacity. The 
peak capacity of a column defines the number of peaks that can be separated with a 
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resolution of unity in a certain time interval. The peak capacity is often used to measure the 
performance of analyses with a mobile-phase gradient but can also be used for isocratic 
analyses [2,3].  
2.2 Band broadening models and separation performance in liquid chromatography 
As mentioned above, the plate height is a measurement of the degree of peak broadening a 
solute zone undergoes during an analysis. In an ideal case, this broadening effect is only 
caused by chromatographic processes, occurring in the column. The total band broadening, 
which can be described by several models, is then only dependent on the mobile-phase 
velocity and on the stationary phase characteristics. 
2.2.1 The van Deemter model 
The first model was proposed by J. J. van Deemter in 1956 and it is still the most used 
description of intra column peak broadening phenomena mainly due to its deductive clarity. 
The model states that the total plate height is dependent on the mobile-phase velocity and 
is constituted of the eddy diffusion (A), the influence of the longitudinal diffusion (B) and on 
the resistance to mass transfer between the mobile phase and the stationary phase (C). In 
the resulting van Deemter equation, it is assumed that these three parameters act 
independently of each other [4]. 
 
      
 
 
       Eq. I.8 
 
The constant A represents the tortuosity of the flow path in packed columns and is better 
known as the eddy diffusion term. In packed beds, the flow paths are not straight lines but 
are formed by the interstitial channels between the particles. Consequently, two molecules 
of the same type will follow different paths with a different length, resulting in different 
elution times for both solvents. The eddy diffusion is related to the product of a constant, λ, 
and the particle diameter, dp (A=2.λ.dp). λ is hereby a measurement of the packing 
efficiency and consequently, the eddy diffusion term will be low when using homogeneously 
packed beds whereby preferably small spherical particles are used. Note that the eddy 
diffusion term is independent of the mobile-phase velocity.  
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The B-term corresponds to the axial molecular diffusion of a solute band during an analysis. 
During this process, the molecules in the band will naturally diffuse to areas of lower 
concentration, and therefore cause an additional broadening effect. The diffusion is a 
natural random process and therefore a Gaussian concentration band will be formed. this 
longitudinal diffusion effect will be larger if the solute band remains longer in the column 
and hence, at lower mobile-phase velocities. The B-term is also dependent on the diffusion 
constant, Dm, of the solute in the mobile phase. 
Finally, the-C-term represents the slowness of mass transfer between the mobile phase and 
the stationary phase. During the analysis, the solute molecules will constantly transfer from 
the mobile phase to the stationary phase in a reversible way. The peak broadening process is 
induced by the time it requires for the diffusion of a solute in the mobile phase until it 
reaches the stationary phase (Cm) and the subsequent diffusion in the stationary phase (Cs). 
As molecules in the mobile phase are not located at the same distance to the stationary 
phase, differences in diffusion times will occur. Again these effects also occurs in the 
stationary phase. Furthermore, molecules in the mobile phase will move through the column 
with the mobile-phase velocity and therefore move away from molecules present in the 
stationary phase. As a consequence, a band broadening effect, related to both the diffusion 
velocity of the solute in the mobile phase (Dm) and in the stationary phase (Ds), is induced. 
Furthermore, the particle size (dp), the film thickness (df) of the particle and the flow velocity 
all determine the degree of zone broadening due to mass transfer effects. As in LC and CEC, 
the particle size is much larger than the thickness of the stationary phase, only the former 
should be considered to contribute significantly to the C-term. 
The A, B en C constants from the simplified van Deemter equation (Eq. I.9) can be 
interchanged by their proper terms to reveal the full van Deemter equation for a packed 
column [4]. 
 
         
     
 
  
             
 
          
  
     
 
          
  Eq. I.9 
 
where γ represents the tortuosity and k represents the retention factor. 
Figure I.2 depicts the total van Deemter curve for a column packed with 5 µm particles. The 
A-, B- and C-terms were 4.5, 1.2 and 8, respectively [1,5].  
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Figure I.2. Simulated plate height contributions for a column packed with 5 µm particles 
using the van Deemter equation. 
 
A minimum of 10.5 µm is reached around an optimal mobile-phase velocity of 0.35 mm/s. 
Nowadays, it is generally assumed that a minimum plate height of H ≈ 2dp can be achieved 
for well packed columns at their optimum mobile-phase velocity in HPLC when fully porous 
material is used as packing material. Note that the more recently introduced core shell 
particles allows reaching plate heights below 2dp 
2.2.2 The Giddings approach 
The van Deemter equation is a simple and easily applicable approach to describe the band 
broadening as a function of the mobile-phase velocity. However, the A-term in this equation 
is thereby not entirely theoretically founded. In the van Deemter equation the total variance 
σ (or band broadening) is the sum of the different variances. 
     
     
 
 
 Eq. I.10. 
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However, Giddings argued that the random walk of the solutes is caused by the tortuosity of 
the flow paths (the A-term) but also by the diffusion of the solutes in the mobile phase (the 
Cm-term). Two dependent variances should therefore be added up harmonically: 
 
    
   
 
 
   
 
 
   
 
Eq. I.11. 
 
Therefore, the combined contribution (Hc) to the plate height of the coupled mass transfer in 
the mobile phase and the eddy diffusion can be described as: 
 
    
 
 
  
 
    
 
Eq. I.12. 
 
resulting in the Giddings equation for the total plate height H: 
 
  
 
 
      
 
 
  
 
    
 
Eq. I.13. 
 
2.2.3 The Knox equation 
However, Giddings' theoretical approach is far from practical to describe the properties of 
the packed bed in a column. Therefore an empirical approach to describe the dispersion of 
the solute zone was introduced by Knox and Bristow in 1977 [6]. Knox introduced the use of 
the reduced plate height, h, and reduced velocity, v, which are independent of the particle 
size. 
 
   
 
  
 
Eq. I.14. 
 
and 
 
   
    
  
 
Eq. I.15. 
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The resulting Knox equation is quite similar to the van Deemter expression, however the A-
term depends on the 1/3 power of the reduced velocity [7]. 
 
           
 
 
       
Eq. I.16 
Although the Knox approach is often used, it should be noted that the proposed dependency 
of the A-term as a function of the linear velocity has only been tested for a limited number 
of particle sizes, shapes and column morphologies. There is only limited evidence about the 
validity of the model on the most recently developed particle sizes and types. 
2.2.4 The Golay equation for open-tubular columns 
In accordance with the van Deemter model, Golay developed the expression for the height 
of a theoretical plate for open-tubular columns in gas and liquid chromatography [8-11]. Due 
to the open channel character of the column, the contribution of the eddy diffusion will be 
zero. Therefore, only a longitudinal diffusion term and two mass transfer terms describe the 
total broadening in the column. Note that the particle diameter is replaced by the radius, rc, 
of the column and that diffusion constants in the Cm-term will differ greatly between gas and 
liquid mobile phase. The Golay equation is given by 
 
    
    
 
  
             
 
          
  
 
 
   
 
        
  Eq. I.17 
 
where K represents the distribution coefficient of the solute between the two phases. 
2.2.5 The kinetic performance limit 
Nowadays, a significant part of the research in chromatography is focused on the study of 
monolithic and open-tubular columns [12-17]. The greatest advantage of these stationary 
phase supports is their low resistance to flow (compared to packed beds). Therefore, a 
comparison of the separation performance of stationary phase supports should also 
incorporate the possible application of longer (and hence more efficient) columns or the 
possibility to apply very high flow rates (allowing to expedite the separation). Furthermore, 
the great variety of stationary phase formats, particle diameters and column dimensions 
that are available nowadays, increases the complexity of column choice for the 
chromatographic users. One of the contemporary trends is to obtain highly efficient 
separations in short analysis times. Therefore a plot yielding the kinetic performance of the 
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system, which can be defined as the efficiency (or peak capacity) a system can generate in a 
certain time, would give the most unbiased guideline to choose the right column with the 
right support. Generally, these kinds of plots are referred to as "kinetic plots".  
Poppe described in 1997 a t0/N plot versus N plot to gain more insight into the C-term 
dominated area. However, the first kinetic plots were already described in 1965 by Giddings 
and also used by Knox and Guiochon [18-21]. These plots are based on numerous iterations 
executed by computer programs.  
Desmet et al. proposed a new and more practical approach, where the measured H versus u 
data were converted to a kinetic plot by implementing simple derived equations [22].  
The kinetic performance of a pressure driven method is determined by the efficiency N 
obtained in certain time, t0. However, the analysis time (and hence the mobile-phase 
velocity) is limited by the maximum pressure drop, ∆P, the system can apply. These three 
parameters are defined by: 
 
   
 
 
 
Eq. I.18 
 
    
 
 
 
Eq. I.19 
 
    
     
  
 
Eq. I.20 
 
where Kv represents the column permeability.   
Combining Eqs. I.18-I.20 to eliminate the column length allows to define efficiency and the 
mobile-phase dwell time in terms of the pressure drop: 
 
   
     
     
 
Eq. I.21 
 
    
     
    
 
Eq. I.22 
 
Changing ∆P to the maximum pressure drop, ∆Pmax, results in the maximum efficiency of a 
column with a maximum length at the maximum pressure drop for the same mobile-phase 
velocity [23]. By applying these calculations to each measured data point, the H versus u 
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curve is transferred to a series of t0,max versus Nmax points, describing the kinetic 
performance limit (KPL) of a system with a certain stationary phase support.   
This approach is straightforward for isocratic analyses, however for gradient runs a gradient 
plate height should be calculated, complicating the approach.  
Therefore, a set of implicit expressions was developed, applicable for gradient and isocratic 
analyses. These expressions only require the calculation of a length rescaling factor λ [24]. 
 
   
     
     
 
Eq. I.23 
 
where ∆Pexp represents the pressure drop of an isocratic run or the maximum encountered 
pressure drop during the gradient run. To calculate the data points of the KPL, it suffices to 
multiply the obtained parameters during the run with the length rescaling factor. 
              Eq. I.24 
                 Eq. I.25 
            Eq. I.26 
 
Note that this approach can be expanded to the peak capacity, np, the total retention time, tr 
or the resolution Rs.  
As a consequence, the resulting kinetic plot (KP) thereby converts the plate height versus 
linear velocity curve to a speed versus efficiency curve and incorporates column permeability 
information, as the maximum efficiency is limited by the maximum applicable pressure drop. 
Consequently the KPL method represents the shortest possible separation time for a given 
efficiency (measured in plate number N) or the highest possible efficiency for a given 
separation time for each column. However, the method assumes a constant plate height at 
the same mobile-phase linear velocity, regardless of the column length. Therefore, one of 
the prerequisites is an invariable column permeability irrespectively of the length of the 
column. 
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Simulated kinetic plots for packed bed columns with 5 and 3 µm are depicted in Figure I.3. 
The plot was simulated for a system with a maximum pressure drop of 400 bar. 
 
Figure I.3. The simulated kinetic plot of packed columns with 5 (green circles) and 3 (red 
squares) µm particles. The original values for a 25 cm packed column with 5 µm particles are 
depicted with blue triangles. 
 
The y-axis of Figure I.3 represents the speed of the analysis, while the x-axis represents the 
efficiency. The kinetic plot reveals that for short analysis times, the 3 µm particles are more 
efficient than 5 µm particles. However, the highest efficiency is reached (when using high 
analysis times and long columns) by the column packed with the 5 µm particles. This can be 
explained by the higher pressure drop created by the 3 µm particles which ultimately 
constrains the length of the column. 
Although the kinetic plot was originally developed and tested with isocratic analyses on 
packed columns, the methodology can be also applied for gradient analyses [24]. This 
technique is applied to compare the performance of pressure dependent column 
characteristics, like morphology, particle size, temperature, ultra-high pressure analyses and 
packing efficiencies in packed capillary columns [25-30]. 
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The KPL method is not limited to conventional liquid chromatography but has already been 
described for the study of supercritical fluid chromatography and of shear driven separation 
techniques [31]. 
3 Separation by capillary electrophoresis 
The separation of solutes in electrodriven technique is based on electrophoretic 
phenomena, which can be superimposed with other separation modes, dependent on the 
technique. The mobile-phase flow is generated by applying an electrical field over the 
capillary. The mobile-phase velocity is thereby dependent on the capillary dimensions, the 
mobile-phase composition and on  the applied field strength amongst other parameters. 
3.1 Separation of ions by electrophoresis 
The ions in an electrolyte subjected to an electrical field will be accelerated to the electrode 
of the opposite sign. After a short time the ions will reach a constant velocity which is the 
product of the electrophoretic mobility of the solute and the electric field strength: 
       Eq. I.27 
 
where the electrophoretic mobility is given by µe and E stands for the applied electric field. 
The mobility of the solute is for a given ion and medium a characteristic constant. The 
movement of the ion will be balanced by the electromotive force experienced by the ion in 
the electrical field and the frictional force, created by the drag of the solute in the medium 
(Stoke's law): 
              Eq. I.28 
 
Combining Equation I.27 and I.28 leads to the equation describing the electrophoretic 
mobility: 
    
 
         
 Eq. I.29 
 
Therefore, the mobility is dependent on the size and the charge of the ion. Increasing the 
size of the ion will result in a lower mobility. For similarly charged ions, the mobility will 
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therefore decrease with molecular size. For similarly sized ions, the mobility will increase 
with increasing charge. These rules of thumb are straightforward. However, the solvation of 
the ion influences the effective ion radius and should also be considered. As a consequence, 
the mobility of small inorganic ions increases with an increase in the molecular weight due 
to the differences in solvation (smallest ion is the strongest solvated). Solvation is, however, 
less important for organic ions. 
However, Stoke's law is only valid for spherical ions and consequently, Eq I.29 cannot be 
used for more complex ions. Therefore, the electrophoretic mobility is generally expressed 
as a function of the zeta-potential, ζ. 
 
   
   
      
 
         
      
 
Eq. I.30 
 
where ε0 represents the permittivity of vacuum and εr stand for the permittivity of the 
buffer. 
The mobility of the solute is for a given ion and medium a characteristic constant and can be 
found in tables. However these constants are merely theoretical ones as they often differ 
from experimentally determined values. The latter is called the effective electrophoretic 
mobility and is mainly dependent on the pH of the medium. Weak electrolytes are partly 
charged when the pH of the solution is close to the pKa-value of the electrolyte. In this case, 
the effective electrophoretic mobility, µeff, will only be a fraction of the absolute 
electrophoretic mobility, µabs, defined as the mobility noted when all ionic groups on these 
molecules are fully charged. 
             Eq. I.31 
 
where α represents the dissociation coefficient. Different ions will exhibit different mobility's 
and can therefore be separated from each other. It has been demonstrated that for analytes 
with very similar absolute mobilities and with subtle differences in pKa values, differences in 
effective mobilities can be induced by selecting an optimal pH value. 
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In CZE, the electrophoretic velocity factor, ke describes the amount of migration of the 
component. This migration parameter is defined in analogy with HPLC, but the dead time is 
hereby replaced by the EOF time, teof and retention times by the migration times, tm [32]. 
 
   
        
   
 
Eq. I.32 
 
The selectivity in CZE is defined by the ratio of the electrophoretic mobility's (µep) of the two 
selected components. 
     
     
      
 Eq. I.33 
 
3.1 The origin of Electroosmosis  
Electroosmosis is the bulk flow of the electrolyte in the capillary under influence of an 
electrical field. The wall of the fused-silica capillary will be negatively charged and adjacent 
to the wall a double layer of counter-ions in the solution will be formed. These positive 
charged ions will be attracted to the positive electrode, resulting in the bulk flow of the 
liquid. 
3.1.1 The double layer theory and the zeta-potential 
A charged surface, whether it is a solid (metal under potential) or a dissolved ion, suspended 
in an electrolyte will be counter-balanced by ions of the opposite sign to such an extent that 
the net charge is zero. These counter-ions form a double layer around the charged surface. 
According to the Stern theory, which is the most used theory to describe this phenomenon, 
ions have a finite size and therefore they cannot approach the surface closer than a few nm, 
which is basically the radius of the ion. The theory divides the double layer in two regions. In 
the inner region, also called the Stern layer, the counter-ions will be adsorbed and rigid. In 
the Stern layer there is an excess of counter ions. In the other region the ions will be diffused 
and distributed according to the influences of the electrical forces and the random thermal 
motions. Due to the interactions of the adsorbed counter-ions, there will be a stagnant layer 
of liquid surrounding the surface. The border between this stagnant layer and the bulk liquid 
is called the slip or shear-plane. The double layer causes an electrokinetic potential between 
the surface and any point in the bulk liquid. This potential drops linearly in the Stern layer 
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and exponentially in the diffuse layer until it reaches zero at the end of the diffuse layer, as 
depicted in Figure I.4. The potential at the slip plane is called the zeta-potential (ζ) and 
characterize the double-layer properties [33]. Note that the double layer theory is not only 
applicable to spherical ions but also to charged solids in different shapes.  
 
Figure I.4. Graphical representation of the Stern model. A negatively charged particle suspended in 
an electrolyte builds up a stagnant double layer of counter-ions.  
 
3.1.2 Electroosmosis applied in electrodriven separation techniques  
In fused-silica capillaries, the silanol groups on the inner wall will be ionized when in contact 
with an electrolyte solution at a certain pH. This dissociation process creates an excessive 
negative charge at the wall, which will be counter balanced by a double layer of positive 
ions. The wall acts as a charged surface, therefore the counter ions in the stern layer will be 
rigid while the (positive) ions in the diffuse layer will move towards the cathode, when an 
electrical field is applied. The counter ions are solvated and therefore a net bulk flow 
towards the cathode is generated, as depicted in Figure I.5.  
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Figure I.5. Schematic representation of the net bulk flow in CZE and the 
differences in electrophoretic mobility. 
 
The magnitude of the generated EOF is the product of the electrical field and the 
electrophoretic mobility of the EOF (µEOF) and is given by  
            Eq I.34 
 
where vEOF is the velocity. The mobility of the EOF is dependent of the viscosity of the 
medium (η) and the zeta-potential (ζ) and can therefore be expressed by  
 
     
        
   
 
Eq I.35 
 
where ε0 represents the permittivity of vacuum and εr is the dielectric constant of the 
electrolyte solution [34].  
Substituting Eq I.35 in Eq I.34 results in the general used expression for the EOF velocity, 
named the von Smoluchowski equation: 
 
     
        
   
  
         
    
 
Eq I.36 
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A theoretical approach of Rice and Whitehead stated that the EOF profile is flat and 
independent of the tube radius when the tube radius, r, is at least ten times thicker than the 
double layer, δ (r/δ> 10) [35]. The flat EOF profile is contrary to the parabolic laminar flow in 
pressure driven techniques, as illustrated in Figure I.6.  
 
 
Figure I.6. Image of pressure driven flow (A) and electrodriven flow (B). Conditions: (A) flow 
through an open 100 µm i.d. fused-silica capillary using a caged fluorescein dextran dye and 
pressure differential of 5 cm of H2O per 60 cm of column length; (B) flow through an open 75 µm ID 
fused-silica capillary using a caged rhodamine dye with an applied field of 200 V/cm. The frames 
are numbered in millisecond from the uncaging event [36]. 
 
Figure I.6 demonstrates that the resulting band of solutes, carried by an electrodriven flow, 
will be narrower compared to the band driven by a parabolic flow due to the flat profile of 
the EOF.  
B
A
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The EOF direction can be controlled by dynamic or static coating of the capillary wall. These 
coatings can increase, decrease or reverse the excess surface charge and hence the EOF. 
3.2 Practical parameters influencing the velocity of the EOF 
In electrodriven methods, the electroosmotic flow velocity is influenced by several 
parameters. However, the velocity is an important chromatographic characteristic which can 
influence the efficiency and separation. Therefore, the velocity is monitored for most 
analyses in CE. In practice, an EOF marker is added to the solute. This EOF marker is an easily 
detected neutral small molecule. By measurement of the elution time and the traveled 
length through the capillary, the EOF velocity can be subsequently calculated.  
3.2.1 The effect of the pH on the EOF velocity 
The pH of the electrolyte is the most important parameter influencing the EOF velocity. The 
surface charge, and hence the zeta-potential, on the wall and/or the stationary phase is 
directly linked to the pH. Acidic surface groups, like silanol and carboxylic groups, will be 
more ionized at high pH values and therefore exhibit the highest EOF velocity at high pH 
values, as depicted in Figure I.7. On the other hand, basic surface groups will be more 
ionized at low pH's and therefore show the highest EOF velocities in acidic environments. 
Silanol groups exhibit pKa's of 5-6 and therefore a significant EOF can be generated from pH 
3 and upwards. 
 
 
Figure I.7. Effect of the pH of the mobile phase on the 
electroosmotic mobility in fused-silica capillaries. 
1
3
0
2
4
3
5
2 4 5 6 87
pH
µ E
O
F
x 
10
 -4
(c
m
2 /
Vs
)
Chapter I 
   
24 
 
Consequently, varying the pH is an easy tool to change the EOF velocity. Furthermore, the 
pH influences the charged state of the solutes of interest and therefore the pH (and buffer) 
should be carefully selected in function of the analysis.  
3.2.2 The influence of the ionic concentration on the mobility 
The addition of ionic species or increasing the electrolyte concentration in CE(C) results in a 
decrease of mobility. The higher ionic concentration leads to a faster decay in potential and 
thus, to a smaller double layer, as can be derived from the (simplified) equation of the Debye 
length, δ: 
 
    
   
   
 
Eq I.37 
 
Subsequently, the ionic strength is given by 
 
  
 
 
   
 
  
  
Eq I.38 
 
where c stands for the concentration of the ion with charge z [37,38]. 
In practice, buffer concentrations ranging between 1 and 50 mM are commonly used. Note 
that high buffer concentrations will cause a rise in Joule heating phenomena. 
3.2.3 The dependency of the EOF as a function of the temperature 
Temperature influences the pH, the viscosity, the dielectric constant and hence the zeta-
potential. In general, an increase in temperature results in a corresponding increase in the 
electroosmotic mobility and electrophoretic mobility [39,40].  
3.2.4 The importance of the solvent composition of the mobile phase 
In CZE, most analyses are executed with a pure aqueous buffer. However, it has been shown 
that the mobile-phase velocity and the solute selectivity can be enhanced by addition of 
organic solvents, such as methanol and acetonitrile. The organic modifiers will alter the 
viscosity, the dielectric constant and the zeta-potential, resulting in a maximum increase in 
velocity at a mobile composition with 50-70% organic solvent [41]. Furthermore, the organic 
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solvent will change the effective mobility of the solutes and the pKa values of weak 
electrolytes and can therefore induce a change in the selectivity of a separation [42]. 
3.4 Self heating effects in electrophoresis  
The heat, generated by the electric current passing through conductor, is called Joule heat. 
The temperature increase depends on the power (which is the product of the voltage ,V, and 
the current ,i). The Joule heat can be calculated by following expression:  
 
                
   
 
 
     
 
 
Eq I.39 
 
where, J is the generated heat as a function of time (t), in a capillary with resistance, R, and 
length, L and a cross section, A, while a current (i) is flowing through the background 
electrolyte with electrical conductivity, σ, under the influence of an applied potential, V. The 
built-up heat will dissipate across the capillary wall by natural cooling or forced (air, liquid) 
cooling [43]. As expressed by Eq. I.39, the effect of Joule heating will increase with increasing 
time, voltage and capillary diameter. Internal diameters larger than 100 µm lead to 
temperature rises in excess of 50 to 100°C, resulting in the degassing, boiling and the 
evaporation of the electrolyte. Therefore, the application of capillaries with small internal 
diameters in electrophoretic driven separation methods is apparent. In capillaries with 
diameters of 100 µm and below, the rise in temperature itself, is generally not detrimental 
but thermal dissipation will occur more near the capillary wall then at the center, resulting in 
thermal gradients across the capillary, as depicted in Figure I.8.  
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Figure I.8. The thermal gradient across a fused-silica capillary. Reproduction from [44]. 
 
These temperature gradients lead to differences in local viscosities and therefore in local 
differences in EOF velocity (Eq. I.36) [45]. The latter distort the flat velocity profile to a 
parabolic velocity profile, which leads to extra band broadening, and therefore have a 
negative effect on the efficiency. Furthermore, the reproducibility of the analysis will be 
limited when Joule heating is occurring. Independent  from Joule heating, an increase in 
temperature of 1°C results in a 2 to 3% change in viscosity and hence in mobility [46]. 
Therefore, the control of temperature during the analysis is of utmost importance, which 
can be done by "thermostating" (air-or liquid cooling) the surrounding environment of the 
capillary. Berezovski et al. proved that at very high electrical field strengths the temperature 
in the capillary still rises, notwithstanding the cooling procedure. However, the rise in 
temperature is only noticeable from 500 V/cm on, as depicted in Figure I.9. 
Temperature
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Figure I.9. The dependence of the temperature with the electric field in a 40 cm 
capillary with an ID of 20 µm. Surrounding temperature was set at 25°C. Data is 
retrieved from reference [47].  
 
4 Fundamental aspects of capillary electrochromatography 
Capillary electrochromatography is a hybrid technique combining the advantages of 
electrophoresis and chromatography. Hereby, a stationary phase is immobilized in a fused-
silica capillary while a flow of the mobile phase (buffer) will be generated by applying an 
voltage difference over the capillary. Consequently, solutes can be separated in CEC as ions 
which will undergo both electrophoretic and partitioning separation processes. Neutral 
molecules will be separated according to only the latter.  
Electrodriven chromatographic separations were already described for the first time in 1939 
by Strain, who combined electrophoretic and chromatographic forces to achieve higher 
selectivity on an adsorption column [48]. The concept of the use of electro(endo)osmosis to 
mobilize an electrodriven flow through a capillary column was effectively demonstrated for 
the first time by Pretorius in 1974 [49]. The idea to apply the EOF as pumping mechanism for 
packed glass capillaries was further developed by Jorgenson in 1981 and theoretically 
described by Knox and Grant in 1987 [50,51].  
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To exploit the potential of CEC as a highly efficient separation mechanism the control and 
understanding of the EOF generation is of utmost importance. Furthermore, the application 
of an electrical field over the columns will also lead to the electrophoretic separation of ions. 
 
  
Figure I.10. Title page of the pioneering article of Pretorius et al. which appeared in 
1974 in Journal of Chromatography [49].  
 
CEC is generally depicted as a hybrid between capillary electrophoresis and liquid 
chromatography. However, to asses CEC in a more fundamental way some extra 
considerations have to be made. For example, the generation of EOF and the retention 
mechanism will be different due to the presence of a stationary phase and an electrical field. 
Moreover, the assessment of band broadening in CEC should be reinvestigated. Finally, the 
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importance of the analysis temperature should be re-examined as temperature influences 
both the flow profile and the retention mechanism. 
4.1 Separation mechanisms occurring in CEC 
In CEC a separation can occur by electrophoretic migration and chromatographic retention 
but the mobile phase will move due to electroosmosis. Combination of Eq. I.4 and Eq. I.32 
gives a general expression for the retention factor in CEC, kc, taken into account that the 
total separation time constitutes out the retention and electromigration time.  
             Eq I.40 
 
In CEC four different possibilities can occur. If the analyte is neutral (ke=0) and not retained 
by the stationary phase (k=0), it will elute with the EOF time. If the analyte is charged but 
exhibit no retention, only electrophoretic migration will occur (kc= ke). A neutral but retained 
analyte will be only chromatographically retained (kc= k). Finally, a charged and retained 
solute will exhibit a retention factor as described in Eq. I.40. Note that in the last case 
retention and electrophoretic migration can influence the retention factor in opposite ways.  
The selectivity in CEC is, accordingly to HPLC and CZE, described by: 
 
     
    
    
 
Eq I.41 
 
4.2 Some considerations for the EOF generation in CEC 
The generation of an EOF in CEC is not as straightforward as in other electrodriven 
techniques. Comparable to CZE, the EOF generation is dependent on the pH, ionic strength 
and zeta-potential of the buffer. Furthermore, the analysis temperature and the applied 
voltage will influence the mobile-phase velocity. Next to these parameters, the organic 
modifier, necessary to achieve successful chromatographic separation in a timely manner, 
will also influence the EOF but more important charges on the stationary phases will also 
contribute to the EOF generation. 
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4.2.1 The influence of the stationary phase on the EOF 
In CEC, the EOF will be generated by the free charge bearing moieties at the surface of the 
stationary phase and the wall. The EOF in CEC capillaries can also be described by the 
approach of Rice and Whitehead whereby the packed capillary is considered as a bundle of 
combined capillaries in which the particles constitute the walls of the channels. therefore, 
the magnitude of the EOF would be independent of the particle diameter (channel 
separator) as long the double layers do not overlap, as illustrated in Figure I.11 [52]. 
Subsequently, Knox and Grant calculated that the EOF velocity does not depend on the size 
of the particles as long their radii is larger than 0.4 µm [51,53]. This was attested by Lüdtke 
et al., who packed capillaries with 0.5 µm C8 particles and measured an EOF up to 3 mm/s 
[54]. Tallarek et al. used NMR displacement imaging to demonstrate the flat electroosmotic 
flow profile in porous media [55]. 
 
 
Figure I.11. Generation of the EOF in packed capillaries. 
 
In CEC both the stationary phase as the capillary wall can exhibit charges, capable of 
supporting the EOF generation. To assess the contribution of the stationary phase, Dittmann 
and Rozing inhibited the EOF generation originating from the free silanol functions on the 
wall by coating the capillary with polyvinylalcohol [56]. Consequently, the capillary was 
packed and an EOF of 1.6 mm/s was measured. Comparison with packed, uncoated 
capillaries revealed that there was no difference in EOF velocity and hence, that the EOF was 
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mainly generated by the free silanol function of the particles. Note that more recent 
introduced packing materials are generally endcapped and are therefore not always able to 
generate an EOF.  
Open-tubular capillaries and monolithic capillaries with a non-siloxane based backbone, on 
the other hand, will not generate any EOF unless charge bearing groups are implemented on 
the surface of the stationary phase. The generated EOF will increase with increasing charge 
surface density and surface area.  
Alternatively, Lelièvre et al. noticed a reduction of 40 to 50% of the EOF in packed capillaries 
compared to open channel capillaries [57]. This effect was attributed to modifications on the 
silica particles (endcapping, functional groups), resulting in a lower free silanol surface 
density and hence a lower zeta-potential. Furthermore, the channels formed by the particles 
are not all aligned with the capillary which can therefore also explain the decrease in EOF 
velocity [57]. 
4.2.2 The influence of the organic modifier on the EOF and retention in CEC 
 Just as in HPLC, organic modifiers in CEC will influence the retention behavior of the solutes, 
as the retention factor k is roughly related to the organic modifier fraction in the mobile 
phase by 
               Eq I.42 
 
where k0 represents the retention factor in pure aqueous environment, "a" is a constant and 
p is the percentage organic modifier in the buffer [39].  
In most cases acetonitrile is applied as organic modifier, however others has occasionally 
been used as well [58]. The reasoning for the choice of acetonitrile can be seen in Table I.1, 
which compares the ratio of the dielectric value over the viscosity of binary mixtures of 
several organic solvents and water. This ratio is directly related with the electroosmotic 
velocity, as described in Eq. I.36. 
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 Table I.1. εr/η ratios for binary mixtures with water at 25°C 
Solvent εr/η (cP
-1) for varying organic ratio's 
0% 50% 75% 
Acetone 88 23 68 
Acetonitrile 88 75 105 
Methanol 88 37 60 
2-propanol 88 15 7 
      data retrieved from reference[39] 
 
Acetonitrile (ACN) shows the best εr/η ratio at 50% for all organic solvents and even an 
improved ratio at 75%, which means that the EOF velocity will be higher under these 
conditions compared to the pure buffer. Furthermore, the eluotropic strength of ACN is 
higher compared to methanol.  
4.3 Band broadening processes occurring in CEC 
4.3.1 The van Deemter model applied to CEC 
As explained before, despite the theoretical shortcomings and the existence of several other 
zone dispersion models, the van Deemter theory is still the most applied model to describe 
the band broadening (and the efficiency) of columns [59]. However, some significant 
distinctions between CEC and HPLC have to be made to describe the eddy diffusion and the 
resistance to mass transfer. 
In pressure-driven methods (as LC) the tortuosity of the flow paths is enhanced by the 
difference in speed of the laminar flow at the center of the flow channel as compared to the 
speed of the mobile phase near the particle wall. In CEC, the flow velocity is largely 
independent on the channel width, as discussed in section I.3.2, resulting in a much lower 
zone dispersion and therefore lower A-term (with a factor 4) [60]. As the EOF velocity is 
independent of particle diameters, this allows the use of smaller particles than in LC, in this 
way further reducing the A-term.   
Moreover, a lower C-term is occurring in CEC compared to in HPLC. This is especially the case 
when the packed bed contains particles depicting pore sizes of 300 A° and larger. This is 
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related to mass transfer in the particle pores, which is the sum of the diffusion and of 
additional EOF transport effect [61]. By contrast, for HPLC, the mobile phase in the particle 
pores is stagnant and therefore only diffusion creates the transfer of the solutes from mobile 
phase to the stationary phase. Note that the additional EOF transport only starts to occur 
when broad pores (> 100 A°) are present in the particle. Otherwise, double layer overlap will 
prevent the generation of the EOF [1].  
A comparison of simulated van Deemter curves for CEC and HPLC is shown in Figure I.12. It 
can be concluded that CEC will have a lower minimum plate height at the optimum velocity, 
due to the beneficial lower contribution of the A- and of the C-term (λ is set as 0.1). 
 
 
Figure I.12. Simulated van Deemter Curves for HPLC (full lines) and CEC (dashed lines) 
with varying particle diameters [5]. 
 
4.3.2 Kinetic plots for electrodriven techniques  
Up to now, the comparison between CEC and HPLC has been performed by comparing the 
obtained minimum plate heights as a function of the mobile phase velocity. Also 
comparisons between formats have been focused on the H vs. u curves. However, as 
explained before, the minimum plate height does not demonstrate the potential of the 
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column. In particular, the comparison between HPLC and CEC is ambiguous since the 
maximum number of plates which can be obtained with a certain mobile-phase velocity is 
determined by the permeability of the column for pressure-driven techniques such as LC. 
Therefore the kinetic plot for CEC should be developed. 
Fekete et al. developed several kinetic plot methods for liquid-phase separation techniques 
with different driving forces (shear-driven, electrodriven) [62]. As the mobile phase velocity 
in the capillary electrophoresis is only limited by the mobility of the electro-osmotic flow 
(EOF). The practical constraint in CE is therefore not the pressure drop but the potential drop 
according to Eq. I.43. 
 
         
   
 
 
Eq. I.43 
 
However, the experimentally measured kinetic plot of CE differed from the theoretical 
expected values. This can be explained by the differences between separation based on 
chromatographic behavior and electromigration. After all, the kinetic plot method is 
constructed for chromatographic systems. More specific, the efficiency of the separations in 
capillary electrophoresis will only increase with higher applied voltages and hence higher 
velocities.  
However, the construction of kinetic plots for CEC analyses of neutral molecules should be 
possible, if separation occurs in a purely chromatographic manner. 
4.4 Influence of temperature in CEC on retention and performance 
In packed CEC, control over the temperature is even more important. Several theoretical 
approaches revealed that packed columns generate less Joule heat but also dissipate heat 
less efficiently. The Joule heat will increase with increasing conductivity (ionic strength of the 
background electrolyte) and with the cross sectional area of the capillary. However, the 
particles in the packed bed segment of the capillary separate the electrical conductivity into 
small channels. Therefore, the cross section that plays a role in the total conductivity 
(particles are assumed not to be conductive) will be smaller compared to the open channel 
capillaries with the same internal diameter, resulting in a lower generated heat [43]. 
Nevertheless, heat dissipation through a liquid is more effective than through silica material. 
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Therefore the heat dissipation will be enhanced in open channel segment rather than in a 
packed segment. Overall, less Joule heating will be developed during the analysis but 
effective dissipation of the built-up heat has proved to be more difficult.  
Djordjevic et al. performed CEC analyses of steroids with a temperature programmed 
separation and compared the result with isothermal and isocratic analyses [63]. The analysis 
time was reduced by 50%, while there was no significant change in the quality of the 
separation.  
Like every chromatographic system, the relationship between retention and temperature in 
CEC can be described by the van 't Hoff equation, which states that a linear relationship 
exists between the logarithmic of the retention factor (k) and the multiplicative inverse of 
the absolute temperature (T) [64,65]. 
 
       
   
  
 
  
 
      
Eq I.44 
 
where R is the universal gas constant, Φ is the phase ratio, ∆H is the enthalpy change and ∆S 
represents the entropy change. Consequently, the retention will lower and the stationary 
phase selectivity can change with increasing temperature [39].  
The primary purpose of thermostatically controlling the capillary temperature is the efficient 
removal of Joule heat, but the control of temperature can also be used to optimize the CEC 
separation. This effect can only be achieved if the temperature is homogeneous over the 
capillary as local differences in retention will contribute to band broadening. 
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Chapter 2 
 
Practical aspects of capillary electrochromatography 
The specific instrumentation necessary to perform CEC analyses is portrayed in this chapter. 
Four key components of the instrumentation are described in detail: the injection system, the 
power supply, the temperature control device and the hyphenation to the detector. The 
state-of-the-art-instrumentation is discussed and particular attention is focused on the 
detector as sensitive and/or universal detection is hard to acquire with capillary electrodriven 
techniques. Furthermore, the possible application of high voltages in CE and CEC analyses is 
discussed. 
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1 Introduction 
CEC can be performed with a regular CE apparatus, which can be a commercial or an in-
house constructed system. A CE instrument consists of several basic elements: an injection 
system, a high voltage power supply, a temperature control device and a detector. 
Furthermore, CEC analyses with packed capillaries requires the inclusion of pressurization 
(max 12 bar) at both the inlet and outlet buffer vials, to suppress the formation of gaseous 
bubbles in the packed bed and frits. Figure II.1 depicts a schematic overview of a capillary 
electrophoresis system. 
 
 
Figure II.1. Schematic representation of a commercial CEC apparatus with vial pressurization. 
 
Contemporary capillary electrophoresis systems are almost completely automated, allowing 
full sequential analyses without an operator present. The system contains one or more vial 
trays for the buffer vials and state-of-the art systems even have a replenishing system where 
the buffer vials can be emptied and refilled with buffer.   
Several detection methods can be used directly or hyphenated to a CE-system such as: UV 
detection, contactless conductivity detection, mass spectrometry (MS), laser induced 
HVPS
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fluorescence detection (LIF) and many more. However, control over injection, temperature, 
voltage and other parameters is mandatory to achieve repeatable CE(C) analyses. 
2 Instrumentation applied in this thesis 
All electrodriven experiments were performed on an Agilent CE 7100 instrument equipped 
with a DAD detector, an auto sampler and an air-cooled thermostat. Pressurization of the 
inlet and outlet vial could be performed by an internal pump (max 1 bar) or an external 
pressure source (max 12 bar). All recorded data was processed with Chemstation B.04.03 
software.  
3 Sample introduction in CE(C) 
During CE(C) injections, only a minute sample volume will be loaded into the capillary 
column. These small volumes are required to maintain the high efficiency and repeatability 
of the analyses. Overloading of the column will result in a proportional increase of band 
broadening and has a detrimental effect on the peak shape due to the mismatched 
conductivity between the electrolyte and the solute zone [1].   
Like every miniaturized separation method, the small sample volumes are beneficial if the 
total sample volume is limited. The most common injection modes in CE(C) systems are 
hydrodynamic injection and electrokinetic injection. In contrast to HPLC and GC, the 
injection volume is not a known quantity but is expressed in "pressure x seconds" or "voltage 
x seconds". However, the volume can always theoretically be calculated. 
3.1 Hydrodynamic injection  
Hydrodynamic injection is achieved by applying pressure to the injection vial (at the 
beginning of the capillary) or to establish a vacuum at the outlet vial. The injected volume 
Vinj can be calculated by the Hagen-Poiseuille equation [2,3] 
 
      
          
     
 
Eq II.1 
 
where r is the radii of the capillary, η is the dynamic viscosity, L is the total length of the 
capillary, ∆P the pressure difference across the capillary and tinj represents the injection 
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time. The total amount of injected analyte molecules, na, can be obtained by multiplying Vs 
with the analyte concentration, ca. 
             
          
   
    Eq II.2 
 
Typically applied injection pressure and time ranges are 5 to 100 mbar and 1 to 10 seconds, 
respectively.  
Hydrostatic injection is an alternative to hydrodynamic injection. The injection is then 
obtained by raising the injection vial 5 to 10 cm relative to the outlet vial for 5-20 seconds. A 
siphoning effect introduces a finite sample volume into the column. Typically, this kind of 
injection is performed on systems lacking an internal pressurization system.  
3.2 Electrokinetic injection 
Electrokinetic injection is obtained by applying an injection voltage (Vinj) during a short time 
interval between the sample vial and the outlet buffer vial. The sample molecules will be 
dragged into the column by the generated EOF and the injection volume is therefore 
dependent on the electroosmotic mobility, µEOF [4]. 
         
         
       
 
 Eq II.3 
 
The amount of the solutes loaded into to the column is dependent on their electrophoretic 
mobility. Ionic species with higher mobility will be introduced into the column to a greater 
extent than ionic species with lower mobility and depending on the polarity of the 
electrodes, ions with the opposite charge can be excluded from entering the column (at low 
generated EOF). The amount of solute loaded into the column can be expressed as:  
     
              
       
 
    Eq II.4 
 
where µa represents the electrophoretic mobility of the molecule. Consequently, 
quantitative analysis is only achievable with neutral solutes. Typically voltages 3 to 5 times 
lower than used for the separation are applied with injection times ranging between 5 to 30 
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seconds.  
Next to the discrimination of the charged ions, electrokinetic injection is depending on 
different parameters as temperature, pH, ionic strength... and is therefore less repeatable 
than hydrodynamic injection. 
3.3 Injection in CEC 
The Hagen-Poiseuille equation (Eq. II.1) states that the injected volume is correlated directly 
with the open channel. However, the stationary phase of packed and monolithic capillaries 
reduces the diameter of the open channel to the average interparticle distance and the 
average through pore size. Therefore, long injection times should be applied to obtain a 
large enough volume with pressure injections resulting in extensive band broadening. 
Therefore, in most CEC analyses electrokinetic injection is applied. 
3.4 On-capillary sample preconcentration in CE and CEC 
A unique feature of capillary electrodriven technique is the possibility to enhance the 
sensitivity by the preconcentration of the solute at the beginning of the capillary. A large 
volume of sample solution is thereby injected and refocused in a narrow band. Several 
preconcentration techniques, such as sample stacking, transient isotachophoresis, pH-
mediated stacking, and dynamic pH junction, utilize the difference in the properties of the 
background electrolyte and the sample diluent (conductivity, pH, ...) to focus the sample 
bands [5-11]. Some other techniques (sweeping, self-focusing with monoliths and solvent 
gradient effects) rely on the chromatographic partitioning or complexation of the solute to 
focus the band [12-15].  
Note that the use of preconcentration is limited as electro-osmotic pressure is developed 
between the boundaries of the sample solvent and the background electrolyte, which causes 
the generation of a laminar flow and creates broadening of the solute zone. Unwanted 
preconcentration (and band broadening) can occur easily in CEC, where the focusing can 
happen by differences in solvent properties (when the injection solvent is highly different 
from buffer composition) and by chromatographic partitioning.  
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4 Detection in CEC: challenges and limitations 
Detection in CEC (and CE methods in general) remains challenging due to the miniaturized 
dimensions, very low flow rates (nL/min) and practical problems with hyphenation of 
detectors. The most common detection methods and their detection limits are described in 
Table II.1 alongside the advantages and disadvantages. 
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Table II.1. Detection methods applied in CEC 
 Method 
 
Mass detection 
limit (moles) 
Concentration 
detection limit 
(molar)* 
Advantages/ disadvantages 
UV-Vis adsorption 10-13 – 10-16  10-5 – 10-8  universal 
 diode-array offers spectral 
information 
Fluorescence 10-15 – 10-17 10-7 – 10-9 • sensitive 
•  usually requires sample 
derivatization 
LIF 10-18 – 10-20 10-14 – 10-16 • extremely sensitive 
• usually requires sample 
derivatization 
• expensive 
Amperometry 10-18 – 10-19 10-10 – 10-11 • sensitive 
• selective, but only useful for 
electro-active analytes 
• requires special electronics and 
capillary modification 
Conductivity 10-15 – 10-16 10-7 – 10-8 • universal 
• requires special electronics and 
capillary modification 
MS 10-16 – 10-17 10-8 – 10-9 • sensitive and offers structural                      
information 
• hyphenation can be a problem 
 expensive 
Indirect UV, 
fluorescence, 
amperometry 
10-100 times 
less than direct 
method 
  universal 
 decreased sensitivity  
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4.1 UV-VIS detection in CEC 
Just as in HPLC, UV-VIS detection is the principal detection method in CEC. Detection can 
occur at several places but generally, a detection window is formed on the capillary by 
removing the polyimide layer and transmissions occurs through the fused-silica wall of the 
capillary. Consequently, the sensitivity of UV-VIS detection is limited in CEC due to the very 
small radii of the capillaries an hence small path lengths.  
A distinction has to be made between the variable wavelength detector (VWD) and the 
diode array detector (DAD). The former can only measure the absorbance at one or two 
different wavelengths where the latter can obtain the absorbance over a whole range of 
wavelengths and the UV-VIS spectrum. Therefore the DAD can be used to identify the 
solutes and asses the peak purity.  
In packed bed CEC, the detection generally occurs in the unpacked section of the capillary, 
which is called on-column detection (OCD). However, Rebscher et al. and Robson et al. 
reported photometric detection in the packed bed of the column (in-column detection, ICD), 
resulting in low reduced plate heights [16-18]. A comparison between OCD and ICD was 
made by Banholczer et al. [19]. With in-column detection an increase in the base line noise 
(with a factor 2) was noticed, resulting in higher detection limits. This can be explained by 
the presence of the stationary phase, causing a diffuse scattering of the UV-beams at their 
irregular interfaces. In open-tubular and monolithic columns, in-column detection is the 
standard UV-VIS detection method. 
4.2 Contactless conductivity detection in electrodriven techniques 
Contactless conductivity detection (CCD) is an universal and very sensitive detection system 
and is therefore widely used in CE and in some extent in CE(C). With conductivity detection, 
an alternating current generated by applying an alternating voltage on one electrode is 
picked up by a second electrode and is transformed back to an alternating voltage by use of 
a modified amplifier. The conductivity of the measured solutions determines the frequency. 
Therefore, an analyte band, which influences the local conductivity of the background 
electrolyte, can be monitored and detected. The contactless conductivity detector was 
developed to prevent fouling, degradation and formation of gaseous bubbles. Hereby the 
alternating voltage of one electrode is capacitively coupled into the electrolyte and picked 
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up in a contactless way by the other electrode [20]. The fundamentals of the technique is 
described in depth by Brito-Neto et al; and some recent reviews described the latest 
applications and developments [21-28]. CCD is also implemented as detection technique in 
CEC, however is not yet widely used [29-31]. 
4.3 Fluorescence detection and laser induced fluorescence detection in CEC 
Fluorometric detection methods are based on the measurement of the emission spectrum 
(emitted photons) when an excited molecule falls back to its lowest energy level. In practice, 
the fluorescence spectrum will resemble the absorption spectrum but shifted to higher 
wavelengths. 
Generally, a laser is used as the excitation source in CE(C). The laser provides a high intensity 
light source and can be focused on the fused-silica capillary, which acts as the detection cell. 
This method is called laser induced fluorescence detection (LIF) [16]. LIF is the most sensitive 
detector for CE to date and can be performed on-column and post-column. The high 
sensitivity arises from the high photon flux created by the laser excitation source and from 
the very low (dark) background obtained with fluorescence detection. Note that only few 
compounds are suited for fluorometric detection, generally molecules with a planar rigid 
structure. However, several approaches to label the solutes (carbohydrates, peptides, DNA) 
with fluorometric groups have been described [32-35]. 
4.4 Indirect UV and LIF-detection: unique detection feature in CE(C) 
Electrodriven separation methods exhibit a unique feature allowing the detection of 
molecules without a chromo-and/or fluorophore groups. The indirect method is often 
applied to detect inorganic alkali metals in capillary electrophoresis. Indirect UV detection is 
achieved by monitoring the absorbance of an ionized molecule, which is added to the buffer 
solution. The presence of a zone of non-absorbing analyte causes the displacement of the 
monitored ions. The decrease in concentration causes consequently a decrease in the 
absorbance and the analyte zone will now be depicted in the chromatogram as a valley or an 
inverted peak. The same technique can be applied for LIF detection when the monitored ion 
contains a strong fluorophore group. However the sensitivity of indirect detection is 10 to 
100 times lower compared to the corresponding direct detection methods. 
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4.5 Hyphenation of mass spectrometry to CEC 
The majority of CEC analyses have been performed with on-column photometric detection 
as this method is easily applied, not-expensive and universal. However, the small optical 
path lengths limits the sensitivity. The hyphenation of mass spectrometric detection (MS) 
eliminates the sensitivity problem (sensitivity does not depend on the detection cells size) 
and delivers molecular mass and structural information, allowing to detect and identify 
unknown solutes [36]. However, the combination of a liquid-phase separation mechanism 
with a vacuum detection technique is already challenging but in CEC some extra challenges 
have to be dealt with. 
A first step towards successful MS detection is the proper and efficient ionization of the 
mobile phase and analytes in the ionization source. Consequently, compatible mobile phases 
should be volatile and not leading to the formation of ion-pairs. Electrospray ionization (ESI) 
is generally applied as ionization source in CEC-MS, especially since ESI obtains high 
ionization efficiencies (and hence improved sensitivities) at low flow rates. Moreover, the 
mobile phase is already ionized and therefore particularly suited for ESI ionization. However, 
in CEC often capillaries with small internal diameters (< 25 µm) are applied, resulting in very 
low flow rates (few nL/min), which are not compatible with normal ESI sources. Moreover, 
MS-detection occurs at the end of the column and therefore differs in set-up compared to 
CEC-UV. Due to the missing outlet vial, the electronic circuit has to be closed in an 
alternative way. However, both CEC and ESI are electrodriven but there is a mismatch 
between their applied voltage drops. Hence, the decoupling of the electronic system of the 
separation voltage and the MS-ionization source is beneficial but not straightforward.  
The first reported hyphenation between CEC and MS was described in 1991 by Verheij et al 
[37]. A continuous-flow fast atom bombardment (CF-FAB) ionization source was thereby 
used. However, this ionization method had some major limitations and drawbacks. For 
example, at measurement of low mass molecules a high chemical background was obtained 
and an unstable current could be noticed during the run. However, CEC-MS has evolved over 
time and the most recent applied interfaces can be divided in coaxial sheath flow interfaces, 
liquid junction interfaces and sheathless interfaces, which have been thoroughly described in 
literature [36,38,39]. In sheath-flow and liquid-flow interfaces, ionization occurs with normal 
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ESI sources which have an optimal flow rate of 50-500 µL/min. However, CEC capillaries only 
generate a mobile phase flow of several nL/min. Therefore an extra flow is added to the end 
of the capillary to achieve a proper ionization. Nevertheless, the sensitivity will be hampered 
due to the dilution of the analyte by the sheath flow.  
On the other hand, with the sheathless interface the eluent of the capillary is directly 
sprayed in to the ESI source and sensitivity will be higher. However, specialized nano-ESI 
sources have to be installed to achieve a proper ionization or CEC capillaries with wider 
radius and hence higher eluting volumes have to be used.  
Dispersion of the solute band will occur between the outlet end of the column and the 
ionization source, decreasing the performance. Consequently, the set-up of the hyphenation 
is from utmost importance to keep the loss in performance as minimal as possible. 
Boughtflower et al. investigated the influence on the performance of the different interfaces 
and proposed the best set-up to minimize dispersion caused by the empty tube connection 
between capillary and MS [38,40]. It could be concluded that the end of the stationary phase 
should be as close to (or used as) the spray tip as possible to avoid significant dispersion 
effects. Therefore, the combination of on-column detection and MS is not advisable, 
however in-column detection and MS are still compatible. 
5 Efficient temperature control in CEC 
The generation of Joule heat during an electrophoretic run and the possible detrimental 
effect of local temperature differences in the capillary is thoroughly described in Chapter I. 
The effective dissipation of heat to the close environment of the capillary is therefore from 
utmost importance, certainly with relatively wide packed bed capillaries. 
Generally, the dissipation of heat is maintained by cooling down the nearest environment. 
To keep the temperature differences under control in commercial CE instruments, the 
capillary is generally bathed in a fast cold air stream (e.g. Agilent CE systems) or in a cooling 
liquid (e.g. Beckman CE systems). To measure the amount of Joule heating, the current 
versus voltage plots are plotted. A non-linear increase in current with voltage (Ohm's law) 
indicates an increase in the buffer temperature, as depicted in Figure II.2 [1].  
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Figure II.2. Current versus Voltage plot for a 100 µm ID capillary. Data retrieved from [1]. 
 
6 High and ultra-high voltages applied in CEC 
In CE systems the high voltage power supply apply potential differences up to 30 kV. The 
main requirement of the supply is the stable regulation of the voltage to obtain stable and 
repeatable analyses. In CEC with fused-silica capillaries and silica-based particles, the EOF 
will move towards the cathode. Therefore, detection will occur at the end of cathode. As a 
consequence, the anode will be positioned at the inlet side. Due to the fixed position of the 
detector in the CE system the electrodes remain also in a fixed position. However, in some 
cases a counter directional EOF will be created. That means that under influence of a 
coating, stationary phase or functional groups bounded on the stationary phase the EOF will 
move towards the anode. Nevertheless, as the detector is in a fixed position, the electrodes 
should switch polarity. As a consequence, a DC voltage power supply is typically used in 
combination with a ground electrode and a high voltage electrode. The latter will either be 
positively or negatively driven relative to the former. 
Very high voltages are theoretically beneficial in terms of analysis speed and efficiency. In 
CEC, ultra-high voltages would allow the use of longer columns and hence improved 
efficiencies. However, ultra-high voltages (>30kV) will cause the dielectric breakdown of the 
fused-silica wall due to the high radial electrical field, resulting in broken capillaries. The high 
radial electrical field originates from the potential drop between the grounded electrode and 
the high-voltage electrode. The current will drop to zero across the capillary and will not 
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recover, resulting in stress at the capillary wall. Furthermore, an increased risk for corona 
discharge, arcing and electrical sparks is associated with the use of ultra-high voltages. 
Therefore, the maximum potential drop of commercial instruments is limited to 30 kV.  
Hutterer and Jorgenson developed in 1999 a CE system, capable of applying 120 kV without 
dielectric breakdown [41]. The capillary was protected with a series of metal conductors. The 
whole set-up was immersed in transformator oil to prevent arcing and corona discharges. A 
four times faster separation of a tryptic digest was obtained with efficiencies up to 2.6 
million plates, as illustrated in Figure II.3. 
 
 
Fig. II.3. Electropherogram of a myoglobin digest, analyzed at 28 kV (a) and 120 kV (b). Data 
reproduced from [41]. 
 
The ultra-high-voltage analyses were successfully expanded to gel electrophoresis and 
micellar electrokinetic chromatography [42,43]. More recently, the ultra-high voltage set-up 
was adjusted by changing the transformator oil to plastic insulators. The insulator prevents 
more adequately the possible corona discharges and sparking between the capillary and the 
metal shields. Consequently, even higher voltages (up to 300 kV) could be successfully 
applied resulting in ultra-high efficiently analyses in the same or in shorter analysis times 
[44].  
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However, the majority of CE(C) instruments and analyses are still equipped with 30 kV DC 
power supply's as this instrumental set-up is less complex and as the thereby obtained 
efficiencies are already high (>500,000 plates/meter).  
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Chapter 3 
 
Column technology, stationary phases and the different 
modes applied in capillary electrochromatography 
This chapter provides a literature study of the different stationary-phase supports applied in 
CEC. These supports can be divided in three main groups: packed bed capillaries, open-
tubular capillaries and monolithic capillary columns. The different manufacturing procedures 
of the first two types are discussed in depth in this Chapter. Furthermore, a focus is set on the 
necessity and drawbacks of frits in packed capillaries and on the sensitivity problems of open-
tubular capillaries. Finally, all the applicable CEC separation modes are described and a 
comparison with the corresponding modes in liquid chromatography is given. 
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1 Introduction 
In every chromatographic set-up the column is the "heart" of the separation method as it 
defines the overall separation characteristics. In CEC, the column plays a dual role and it is 
also responsible for the generation of the EOF. Therefore, varying the physical characteristics 
(length and inner diameter) and the stationary phase characteristics (support, type, 
thickness) will not only influence the separation but also the mobile-phase velocity. 
The stationary-phase supports applied in CEC can be mainly divided in three categories: 
packed capillaries, monolithic capillaries and open-tubular particles. These CEC capillaries 
are generally fabricated in-house, however, several commercial capillary manufacturers 
exist.  
This chapter will elaborate on the different techniques used to manufacture capillaries with 
these supports and will discuss the encountered advantages and drawbacks of each 
stationary-phase format. 
2 Technology, particles and frits applied in packed CEC 
The most utilized and researched format in CEC is the particle packed capillary. Thereby 
particles are introduced into a fused-silica column with a typical internal diameter ranging 
between 25 and 100 µm. The packed capillaries have a typical length between 200 and 1000 
mm and consists of a packed segment, where the particles are immobilized by an inlet and 
outlet frit, and an open segment. UV-detection occurs in the open segment, as close as 
possible to the packed segment. However, successful UV-detection requires the local 
removal of polyimide coating, which weakens the capillary locally.  
The packing of the capillary is considered to be a "skill" rather than a science as experience 
of the manufacturer is mainly the key parameter to obtain a satisfactory packed column. The 
integrity and performance of the packed bed is determined by a variety of parameters, such 
as the slurry solvent, the impact velocity (particle velocity), the type of packing material and 
the packing procedure. Poorly packed columns can lead to lowered efficiencies, worse 
resolutions, asymmetric peak shapes and splitted peaks. 
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2.1 Packing procedures applied in CEC 
The packing procedures for capillaries can be divided in 5 categories: slurry packing by 
pressure, packing with supercritical CO2, packing by electrokinetical forces, packing by 
centripetal forces and packing by gravity [1]. However, the vast majority of packed particles 
are manufactured with a slurry packing method (including the pressure packing and 
supercritical fluid packing strategies), while the use of the other packing methods is seldom 
reported. 
2.1.1 Slurry packed capillaries with pressure 
The slurry-packing procedure involves a series of steps, including the rinsing of the capillary, 
preparation of frits, the packing of the capillary and finally, the conditioning of the packed 
capillary [2]. First, a temporary frit was manufactured by tipping the fused-silica capillary 
into a mixture of sodium silicate and silica particles. The introduced small plug of wetted 
particles is then subsequently sintered, resulting in a mechanically stable frit. The packing 
reservoir, an adapted emptied HPLC column is placed in a ultrasonic bath. The packing slurry 
is sonicated for 30 minutes and introduced in the packing reservoir. Subsequently, the 
capillary is packed by applying a MeOH flow at a constant pressure of 600 bar. The packing 
reservoir and slurry is sonicated during the packing procedure. The packed capillary is 
flushed for 16 hours with water. Subsequently, the final outlet frit is sintered and the 
temporary frit is removed. After inversing the flow direction, the final inlet frit is formed in 
the same manner. Using this method overall efficiencies of 300,000 plates/meter could be 
obtained for 50 µm ID capillaries packed with 3 µm HyperSil particles [2]. 
Several other pressure packing procedures are described in literature, utilizing different 
methods to fabricate frits, using different packing solvents, pressures or different set-ups [3-
7]. However, the main factor influencing the packing efficiency and the final performance of 
the packed capillary is the velocity of the particles during the packing. To obtain a 
homogeneous and dense beds, a constant and low packing speed is necessary. The variation 
in packing speed leads to inconsistencies and loose packed segments, lowering the column 
performance. furthermore, the sedimentation of particles in the slurry restricts the maximal 
packing time. To maintain the slurry in solution, the slurry reservoir is in some cases 
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sonicated and a suitable solvent or solvent mixture with an optimal density can be selected 
[8].  
2.1.2 Packing with supercritical CO2 
Supercritical CO2 has been used as carrier to pack HPLC and SFC columns in an efficient and 
repeatable way [9,10]. This approach was adapted by Robson et al. to produce highly 
performant CEC capillaries [11,12]. One end of the capillary was thereby connected to a 
packing reservoir, containing the dry packing material. The outlet end of the capillary, with 
the retaining frit, was connected by an union to a second capillary, with smaller internal 
diameter (10 µm ID). The second capillary acts as a restrictor and is necessary to maintain 
supercritical conditions while packing. The whole set-up is submerged in an ultrasonic bath 
and sonicated during packing with supercritical CO2 as carrier. Typically, the columns are 
packed at 60-70°C at a pressure of 250-350 bar (above supercritical conditions). 
Subsequently, pressure is released very slowly to avoid disturbances in the packed bed. 
Finally, the packed capillary is carefully rinsed with water and frits are sintered.  
2.1.3 Packing by electrokinetical forces 
The electrokinetic packing of capillaries was developed and patented by Yan et al. in 1996 
[13]. In this method, a slurry is sonicated in a buffer-methanol mixture and added in vial. Into 
this vial the empty capillary is inserted by means of a septum cap, together with the anode. 
The outlet end (with frit) of the capillary is then introduced in a second vial. This second vial 
also contains an electrode and the buffer-methanol mixture, which will function as cathode 
and is placed on a lower level than the first vial. During packing both the vials and the 
capillary are vibrated by ultrasonication. To start the packing procedure, a voltage ramp 
between 2 and 30 kV is gradually applied and kept constant at the maximum (30kV). The 
generation of an EOF will drag the particles into the capillary. After packing of the column, 
the capillary is removed from the vials and consequently pressurized with H2O. In the final 
step, the final retaining frits are formed by sintering and an UV-window is formed.  
Dadoo et al. utilized this packing method to pack a 1.5 µm particles over a length of 6.5 cm. 
A highly-efficient separation of low retained PAH's was obtained with a maximum efficiency 
of 45,000 plates in less than 5 minutes [14].  
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To speed-up the rather slow process of electrokinetic packing, Stol et al. introduced the 
slurry into the capillary by applying a very low (2.5 bar) hydrodynamic pressure. 
Subsequently, the final packing is established by applying an electrical field over the column, 
as described previously. With this pseudo-electrokinetical packing method, separations of 5 
PAH's were obtained with an efficiency of 45,000 plates on a 16 cm packed bed (3 µm 
particles) [15]. 
2.1.4 Packing by centripetal forces 
Colon et al. utilized centripetal forces to pack columns in a short time window (< 10 min). 
Capillaries with an outlet frit are thereby connected by stainless steel arms to a central 
reservoir, containing the slurry of the particles. The set-up is rotated with high frequency (≈ 
2,000 rpm) and the particles are introduced into the column by a sedimentation process 
[16,17].  
2.1.5 Packing by gravity 
In this method, the particles are transported into the capillary by gravity. Thereby a 1 mL 
syringe, filled with a particle slurry in acetone, acts as the packing reservoir. The syringe is 
connected to a capillary with an outlet frit, which has been filled with acetone. 
Sedimentation of the particles takes place during minimum 10-12 hours but can take up to 
48 hours, while the slurries are replaced every 4 hours. Subsequently, the packed capillaries 
are rinsed with water and frits are sintered [18]. A reduced plate height of 1.7 µm for a 20 
cm packed bed capillary with 3 µm particles was obtained in this way. However, only one 
(preliminary) research (to the best of the authors knowledge) is reported with this method. 
This is probably due to the very long preparation time, while efficiencies and plate heights 
are comparable or worse compared to faster packing methods.  
2.1.6 Comparison of the applied packing procedures 
The different packing methods were developed, investigated and evaluated by different 
research groups and therefore evalueted with different sample mixtures and different 
methods. Consequently, an unambiguous comparison is difficult. Colon et al. made a 
comparison by packing the capillaries with the five described methods (and utilizing the 
same particles) and evaluating the packing efficiency with the same sample mixture and 
method [19]. Surprisingly, the evaluation revealed no large differences between the 
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methods in terms of efficiency and resolution. It can be concluded that all methods are 
suitable to pack CEC capillaries, however the set-up of the slurry packed capillaries with 
pressure is by far the least complex one. Consequently, the slurry packed capillaries (with 
pressure) is also the most reported method. 
2.2 Sintered frits and alternatives in packed CEC 
The two porous plugs at the beginning and the end of the packed bed are called "frits". 
These frits retain and immobilize the packing material but are often considered as the 
"Achilles heel" of packed bed electrochromatography. The frits should be mechanically 
stable enough to endure the applied high packing and flushing pressures and simultaneously 
exhibiting a high permeability to enable an efficient solvent flow. The frit material is 
generally foreign to the packed bed material and presents therefore an inhomogeneity in 
the packed bed. Consequently, the frit should be produced in a repeatable manner while 
minimizing the frit length [12,20]. 
Sintering of silica-based frits is the most straightforward and commonly used method. Lynen 
et al. for example, described a method where parts of the packed bed itself was sintered as 
frits [2]. During the sintering (>550°C) polysilicates are formed, resulting in a porous frit. 
However, the altering of the silica material creates an inhomogeneity in the packed bed. The 
mis-match in zeta potential between the frit and the packed bed induces the formation of 
gaseous bubbles during the run, hampering baseline and current stability [4,21]. To prevent 
this formation, the buffer vials should be degassed prior to the analysis and pressurized 
during the run. Additionally, gaseous bubbles are less prone to form at higher organic 
modifier contents in the mobile phase. 
Besides the formation of gaseous bubbles, the inhomogeneity in the flow velocity causes a 
poorer peak shape. According to Lelièvre et al., 34% percent of the band broadening is 
caused by the frit in a packed bed capillary with sintered frits [22]. Moreover, during the 
sintering the protective polyimide layer is removed by the high temperature. Hence, the 
capillary is more fragile. 
To address these problems, several other methods to fabricate frits or to immobilize the 
packed bed have been developed during the last years, and have recently been extensively 
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reviewed by Cheong [23]. Figure III.1 depicts the most common methods to immobilize the 
packed bed. 
 
 
Figure III.1. A schematic overview of the frit types developed for packed column CEC. Silica based 
sintered frit (A), monolithic frit (B), single-particle frit (C), external tapered frit (D), magnetically 
immobilized frit (E). 
 
Chen et al. prepared a monolithic frit by the free radical polymerization of two 
methacrylates in the presence of a porogen, resulting in a monolithic porous plug. The frits 
were mechanically stable and the method was repeatable [24,25]. The potential of 
monolithic frits has widely been investigated. Polymerization thereby occurred via photo 
initiation and thermal initiation (at low temperatures) [26-28]. As a consequence, the 
polyimide layer has not to be removed, resulting in a more robust capillary. Moreover, no 
bubble formation occurrs with the use of monolithic frits [29,30].  
Oguri et al. and Wang et al. explored the possibility to immobilize magnetically responsive 
particles in fused-silica capillary by applying a local magnetic field. The performance of an 
ODS packed capillary in such a way was comparable to a packed capillary with sintered frits. 
The magnetic frits are easy to prepare, reliable under a variety of conditions, compatible 
with almost every packing material and repeatable [31,32].  
Zhang et al. introduced the single particle bead frit. A single particle of 110 µm was thereby 
forced into the end of a 100 µm ID capillary column (and placed in the right position by a 90 
µm OD capillary). The edge of the large particle has particle fines attached due to 
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electrostatic interactions. These particulate fines originated from the scratched surface or 
consisted of smaller added packing material. Upon applying hydraulic pressure, a keystone 
effects takes place between the particle bead, the particulate fines and the wall, locking the 
single bead frit in its place. The short length of the frit (=100 µm) results in smaller frit-
induced inhomogeneities in the packed bed and therefore the band broadening caused by 
the frit is minimal [33,34]. 
Lord et al. introduced a fritless packed column with tapered ends, suitable for hyphenation 
with MS. The capillaries are tapered by applying heat and tension simultaneously. The 
particles (3 µm) were immobilized by the keystone effect if the capillary was tapered to a 10 
µm tip. These external tapered columns were utilized for sheath-liquid and sheathless MS-
interfaces without any bubble formation [35,36]. However, the external tapered tip is not 
robust and breaks down after a few runs. An alternative was introduced by Zheng et al. who 
produced internal tapers in an easy and repeatable manner. Compared to the external taper, 
the internal taper showed an improved durability, repeatability and electrospray stability 
[20,37]. 
2.3 Packing materials utilized in CEC 
Generally, CEC capillaries are packed with commercially available particles, which have been 
developed for HPLC. The first reports primarily investigated the use of reversed phase 
particles with a 3-5 µm diameter. Nowadays, the 3 µm particles are still the most reported 
size but sizes between 0.5-10 µm have been investigated. The stationary phase in CEC 
generates the EOF and should therefore exhibit a high enough zeta-potential in a buffer 
medium. However, modern LC reversed phase packing materials are endcapped and none or 
only a little amount of free silanol groups are available to enable the EOF generation [38]. 
Besides the classical ODS particles, the performance of a wide range of packing materials has 
been investigated. For example, the application of mixed mode particles has been 
investigated in CEC. These particles are functionalized with alkyl (C18) chains ending in ion-
exchange groups, resulting in a mixed retention mechanism. However, the ion-exchange 
groups are mainly used to enhance the EOF generation during the analysis of neutral solutes 
[39-41]. 
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Next to the classical ODS particles, a wide range of silica and polymer particles have been 
used in packed CEC, such as bare silica particles, aminopropyl silica particles, polymer based 
particles and octadecyl sulfonated particles [42-47]. Furthermore, Fanali et al. compared the 
performance of porous and superficial porous particles coated with a polysaccharide chiral 
selector [48]. 
2.4 The limitations of packed capillary CEC 
Capillary electrochromatography is often associated with numerous advantages, such as the 
high efficiencies of this miniaturized technique compared to micro-LC and the introduction 
of a new separation mechanism for ionized solutes. However, a few drawbacks, in particular 
associated with packed CEC capillaries, limits the useful CEC applications in industry. In 
particular, the formation of gaseous bubbles and the band broadening induced by the frits 
limit the robustness and the gain in efficiency. Moreover, rinsing the fused-silica capillaries 
with a basic solution (1 M NaOH), prior to conditioning the capillary with the background 
electrolyte, has proven to be essential to obtain repeatable analyses. However, capillaries 
packed with (functionalized) silica particles will dissolve at high and low pH conditions 
(2<pH<8), limiting the repeatability of packed CEC. In addition, basic solutes will tend to form 
ion pairs with the negatively ionized silanol groups, which causes elongated elution times 
and tailed and broadened peaks, limiting once again the obtainable efficiency.  
3 The application of open-tubular capillaries in CEC 
Open-tubular capillaries are fused-silica capillaries where the stationary phase is attached to 
the capillary wall in the form of a thin layer. These capillaries have numerous advantages 
compared to the traditional applied packed bed capillaries including the fritless formation of 
the stationary phase, the simplicity of the preparation procedure and the easy stationary 
phase modification. More importantly, open-tubular CEC would offer significant practical 
benefits such as the possibility to cut off parts of the capillary, easier rinsing, less clogging 
issues and the facile hyphenation with ESI-MS.   
Unlike the packed and monolithic column formats, the performance of open-tubular 
capillaries is directly linked to the internal diameter of the capillary. Small internal diameters 
are required to facilitate efficient solute diffusion into the stationary phase [49]. Narrower 
capillaries provide higher efficiencies and a higher concentration of an on-column loaded 
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sample [50]. Furthermore, the Joule heating in open-tubular columns will be non-existing or 
limited due to the small internal diameters (5-20 µm). However, the loading capacity and 
retention of many OT-LC (and CEC) capillaries is limited due to the high phase ratio (β= 
Vm/Vs, whereby Vm and Vs correspond to the volume of mobile and stationary phase, 
respectively). 
The stationary phases in open-tubular capillary chromatography can be either covalently 
bonded to the wall or applied as a physical coating to the wall. Next to open-tubular 
capillaries, microchips with open channels can also be utilized in electrochromatography. 
The stationary phases applied in open-tubular electrochromatography have been extensively 
described in several reviews [50-54]. Only a general overview of the different stationary-
phase structures in open-tubular CEC will therefore be given. 
3.1 Chemically bonded stationary phases 
Chemically bonded stationary phases are more stable and have longer lifetimes compared to 
physically absorbed stationary phases. However, the preparation is more time consuming 
and complex [51]. The chemically bonded stationary phases can be divided according their 
preparation method and chemical structure. 
3.1.1 Directly covalent bonded stationary phases 
Open-tubular electrochromatography has already been reported in 1982 by Tsuda et al. who 
bonded chemically octadecylsilane (ODS) on the inner surface of glass capillaries [55]. A 
separation of a PAH mixture was obtained.  
Next to ODS, several other synthetic ligands have been bonded as stationary phases in OT-
CEC. Initially, most research focused on the immobilization of some host ligands, such as 
crown ethers, aptamers, cyclodextrins and calixarenes [56-62]. However, the utility of these 
molecular recognition ligands as stationary phase is limited due to their specific interaction. 
Brush synthetic ligands, such as ODS variants, amino acids, triamine ligands and 
phenylaminopropyl ligands are more universal retaining stationary phases and can be 
coupled to the wall via a single step silanization or via coupling reagents [63]. OT-CEC with 
synthetic ligands as stationary phase often display high separation efficiencies as the thin 
layer thickness enhances the mass-transfer kinetics and the separation efficiencies. 
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However, the small carbon load and the small surface area of the ligands limit the retention 
and the loading capacity of the solutes in the sample. 
Some attempts to bind single polymer strands to a silanized capillary wall have been 
reported. Qiao et al. produced several types of block copolymers based on styrene and 
acrylates [64,65]. A separation with improved selectivity but worse efficiencies was obtained 
in this way, even with very thin applied coatings. The authors claimed that the block 
copolymer coatings eliminated the necessity of sodium dodecyl sulfate as micelle forming 
additive in CE runs for the separation of steroids and aromatic amines and hence 
hyphenation of the coated capillaries with MS should been possible. However the significant 
loss in efficiency and the poor peak shape limits the use of these copolymers [51].  
To increase the phase ratio, Xu et al. introduced a new tentacle-type metal-chelating 
polymer chains as stationary phase in OT-CEC. Compared to a monolayer of the polymer, the 
tentacle metal chelating polymer exhibit an enhanced retention and better selectivity for the 
separation of amino acids and purine derivates [66]. Moreover, other tentacle-type polymer 
stationary phase were developed for the successful separation of proteins and peptides. 
Separations were obtained in a pH range of 2.5-7 with efficiencies up to 180,000 
plates/meter [67-69].  
Various other forms of covalently bonded stationary phases haven been explored such as 
coatings of proteins, polysaccharides, carbon nanotubes and nanoparticles [20,51,70-72]. 
However, one significant drawback of this approach remains the low surface area of the 
stationary phases, resulting in low retention and limited loading capacities. Thicker coatings 
results in a slower mass-transfers kinetics and therefore lower efficiencies. Some methods to 
enlarge the surface area (with fast mass-transfer kinetics) have been investigated, such as 
the etching of the surface of the capillary wall and the preparation of porous polymer layers 
as stationary phase. 
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3.1.2 Etched modified stationary phases 
The capillary wall can be etched to increase the surface area up to 1000 fold. The capillary 
walls are etched at high temperatures (300-400°C) in the presence of an etching reagent, 
(NH4)HF2. Consequently, the density of the free silanol groups on the surface is increased 
and the etched capillaries are coated with triethoxysilane (TES) via a silanization step. Finally, 
the etched silica-hydride wall can now be functionalized via hydrosilanization with the 
proper functional groups [73]. The silanization of the silanol groups is advantageous for the 
analysis of basic solutes, which interacts strongly with free silanol groups. Etched silica 
capillaries have been functionalized with octadecyl, diol and cholestrol groups and several 
chiral recognition groups [74-76]. Compared to bare fused-silica capillaries and coated fused-
silica capillaries, the etched capillaries exhibit an improved retention for the solutes of 
interest. Chen et al. prepared etched capillaries for OT-CEC by immobilizing ionizable 
succinate and phtalate-monomers on the surface [77,78]. The functionalized capillaries 
generated a significant higher EOF then an etched (not functionalized) capillary. Moreover, 
the phtalate functionalized capillary demonstrated an enhanced retention for aromatic 
compounds compared to the succinate functionalized capillary, due to additional π-π 
interactions of the stationary phase with the solutes.  
Overall, the reports of application for etched capillaries in OT-CEC are still limited. This is 
probably due to the high number of anchoring sites (Si-OH groups) for ligands, resulting in a 
dense layer of functional groups. Ligands with a big molecular size (proteins, 
polysaccharides...) will form a too dense stationary phase with low mass-transfer kinetics. 
On the other hand, small ligands, such as C5-C18 chains, are not retentive enough to induce 
a separation of small organic molecules with sufficient resolution [51]. 
3.1.3 Porous layer open-tubular columns by polymerization 
Another approach to enhance the surface area is the preparation of a porous polymer layer 
on the surface wall of the capillary. Thereby will the dramatically increased surface area 
result in an increased retention of the solutes while the mass-transfer kinetics will remain 
fast due to the porosity (if there is no double layer overlap) of the polymer. In general, the 
fused-silica wall is first derivatized by a double bond ligand, which can be used as anchoring 
point for the polymerization chains. 
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Huang et al. introduced in 1999 the first porous layer open-tubular (PLOT) capillary suited for 
CEC analyses. The silica capillary was pretreated with 3-(trimethoxysilyl) propyl methacrylate 
prior to the in-situ polymerization of vinylbenzylchloride and divinylbenzene in the presence 
of 2-octanol as porogen. The PLOT capillary was characterized by SEM pictures, as depicted 
in Figure III.2 and optimized on a trial and error base.  
 
Figure III.2. Scanning electron micrographs of the porous layer of a polydivinylbenzene based 
polymer layer (A) and the cross section of the same capillary (B). 
 
This PLOT capillary exhibited a high chemical stability with anodic EOF flow and was attested 
by the separation of basic proteins [79]. Various other PLOT columns, based on acrylamides 
and methacrylates, have been prepared by in-situ polymerizations [80,81]. The amount of 
accessible free silanol groups after the silanization and formation of the porous polymer 
layer is finite and therefore an ionizable group, responsible for the EOF generation, has to be 
grafted or copolymerized in the process.  
PLOT columns can also be produced by a sol-gel technique, which provides a tool to 
synthesize a wide variety of hybrid organic-inorganic porous layers. The procedures for the 
sol-gel prepared CEC PLOT columns have extensively been reviewed by Malik et al. [82,83]. 
This technique produces a stable, thick, monolith like layer on the inner lining of the capillary 
wall, resulting in stationary phase with high loading capacity, fast mass-transfer kinetics and 
high retentive characteristics. The selectivity and the EOF control can be easily adapted by 
adjusting the sol-gel composition (concentration and precursors). Sol-gel prepared PLOT 
A B
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columns have been utilized in the RP mode, hydrophilic interaction mode and for the 
separation of enantiomers [84-86].  
Overall, PLOT columns exhibit some advantages. However, the characterization of the 
polymer layers can only be performed by SEM pictures and optimization should be executed 
on a trial and error basis. Other characterization is more complicated as the removal of the 
polymer layer from the capillary implicits the destruction of the morphology. However, it can 
be stated that the loading capacity of the porous layer is advantageous compared to the 
(previously described) thin coatings.  
3.2 Physical and dynamically coating of stationary phases to the fused-silica wall 
In CE(C), adsorption of analytes to the capillary wall is deleterious for the separation 
efficiency. However, this adsorption effect can be used as driving force to prepare a 
stationary phase layer in a controlled and structured manner. The preparation of such 
coatings is more facile and inexpensive compared to chemically bonded stationary phases. 
However, the lifetime and the stability of such adsorbed layers is limited.  
The adsorbed coatings are categorized in physical and dynamic coatings, according to the 
strength of adsorption. Physical coatings are strongly adsorbed on the capillary wall and will 
shield the negatively charged silanol groups. Dynamic coatings are only weakly attached to 
the wall and the adsorbed modifier is actually added to the mobile phase [50]. 
The first applications of adsorbed stationary phases have already been reported in CE 
analyses, where the coating suppressed or inverted the EOF [87-92]. In 
electrochromatography, however, the coated stationary phase should introduce a 
chromatographic mode, while avoiding the time consuming steps to anchor the coating 
chemically to the wall. 
Liu and co-workers investigated and reviewed in 1999 the adsorption effects and the 
chromatographic behavior of several cationic surfactants, basic proteins, peptides and amino 
acids [93-95]. More recently, new developments in physically and dynamically adsorbed 
coatings have extensively been reviewed by Doherty et al., Guihen et al., Cheong et al. and 
Xu et al. [20,50,51,53].  
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More recently, the application of graphene coated capillaries attracted some interest for the 
separation in RP-CEC mode [96-100]. In a first step the capillary wall is functionalized with 
amino-groups. Consequently, the epoxy groups of the graphene-oxide nano sheets will react 
with the amino-moieties via a SN2 nucleophilic displacement. The successful separation of 
some non steroidal anti-inflammatory drugs and a mixture of endocrine-disrupting chemicals 
has been reported on this type of column. However, the separations are characterized by 
low retentions due to the finite thickness of the coating. Therefore, the thickness of the 
layers should be optimized without any loss of efficiency. 
4 Monolithic columns in capillary electrochromatography 
Initially, monolithic columns were developed as an alternative for the packed bed columns in 
HPLC. The application of monolithic columns in liquid chromatography gained a lot of 
interest as the permeability of these columns are higher compared to packed columns. The 
higher permeability results in longer columns as column lengths are restricted by the 
generated back pressure. Furthermore, monolithic columns demonstrate a slow decrease of 
efficiency with high mobile-phase velocities and are therefore applicable for fast, efficient 
analyses [101-104]. Monolithic columns for CEC were already developed in the early stages 
of electrochromatography as they exhibit some specific advantages such as the easiness of 
preparation, the easy modification of the functional groups and the compatibility with small 
inner diameter capillaries (20-100 µm) [105-108]. Moreover, the absence of retaining frits 
combined with the high sample capacity explains the high interest in monolithic CEC.  
Monolithic CEC will not be a subject in this work and therefore the further literature study 
will be concise. However, CEC with monoliths and all their aspects have been extensively 
researched during the last 15 years and numerous reviews have been published [83,109-
118].  
Monolithic CEC can be divided in two main categories: silica-based monoliths and organic 
polymer monoliths. 
The organic monoliths are synthesized in the capillary by the in-situ polymerization of 
various copolymers. The reaction is instigated by free radical, thermal or UV-initiation. The 
organic porous monoliths in CEC are typically based on acrylamide, methacrylate and 
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styrene polymers and the pore size can be controlled by selecting the monomer 
concentration, the type of crosslinker and by adjusting the porogen solvent. Generally, the 
hydroxyl functions of the silica wall are no longer accessible, therefore an EOF generating 
moiety has to be copolymerized or grafted on the monolith to instigate the mobile-phase 
flow in CEC. However, the organic polymers are prone to swelling and shrinkage effects in 
organic solvents, limiting their repeatability and life time [119-121].  
Silica based monoliths can be prepared by three different approaches: the fusion of silica 
particles by sintering, the entrapping of silica particles by a sol-gel process and the 
polymerization of silicon alkoxide precursors by sol-gel processes. Actually, the last approach 
is the most genuine one and therefore the most popular one to create a monolithic column. 
The two other approaches are developed to immobilize a packed bed without the necessity 
of frits. Silica monoliths do not exhibit the swelling process during analyses but are more 
complicated to synthesize as they need post-modification [102,115]. Moreover, the silica 
monoliths are only applicable in a limited pH range (3-9). Furthermore, silica monoliths are 
prone to shrinkage during the curing step of their preparation. As a consequence, a small 
gap will exist between the wall and the monolith, inducing wall effects and band broadening 
effects [103,122].  
 
 
Figure III.3. SEM image of a silica-based monolith with through pore sizes of 1-2 µm [122].  
 
25 µm
(a)
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5 Separation modes applied in CEC 
The described column formats and their varieties can be applied in different separation 
modes. Comparable to HPLC, CEC separations can be divided into four major categories. The 
majority of the separations performed in CEC are based on the differences in polarity or 
hydrophobicity of the solute molecules. Also, a significant amount of research in CEC is 
focused at the separation of enantiomers. To a lesser extent the selective separations of 
charged ions via an ion-exchange type of method and the separations of solutes based on 
their sizes is also described in literature.  
5.1 Separations based on polarity of the solute  
The vast majority of CEC separation are based on differences in polarity and hydrophobicity 
of the solutes. Three different modes, based on the stationary phase and mobile-phase 
conditions, can thereby be distinguished: reversed phase chromatography, normal-phase 
chromatography and hydrophilic interaction chromatography. 
5.1.1 Separation of non- to mildly polar compounds in the reversed phase mode 
Approximately 85% of all CEC analyses are performed in the reversed phase (RP) mode. RP-
CEC employs a non-polar stationary phase combined with a more polar eluent. Separation 
occurs by partitioning of the solutes between the stationary phase and the mobile phase. 
The more hydrophobic solutes will be retained longer by the stationary phase compared to 
the less hydrophobic and hence more polar solutes, resulting in a separation based on 
polarity. In RP-CEC non-polar to mildly polar solutes can be separated in this way. However, 
highly polar compounds are more difficult to retain and therefore to separate in this mode. 
Traditionally, capillaries are packed with LC types of silica particles, which are in the RP mode 
functionalized by long non-polar carbon chains. The EOF is thereby generated by the free 
silanol groups on the particles which indicates that the use of endcapped particles is not 
advantageous. There are numerous reports of highly efficient RP-CEC separations on packed 
capillaries. For example, Dadoo et al. reported efficiencies up to 750,000 plates for a 25 cm 
column packed with 1.5 µm particles [14]. Next to the classical packed beds, RP-CEC can also 
be performed on monolithic or open-tubular columns. Thereby the non-polar support is 
formed via organic or functionalized inorganic polymers [3,105,107,123,124].   
The mobile phase is generally composed of an aqueous buffer with an organic modifier 
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added to it. The amount of the organic modifier regulates the retention and hence, the 
analysis time. In RP-CEC, the organic modifier is usually acetonitrile due to the beneficial 
dielectric value over the viscosity ratio of water/acetonitrile (see Chapter I) [125,126]. The 
elution of highly non-polar solutes can be difficult or impossible due to the limited eluotropic 
strength of the buffer/ACN binary mixture (even at high organic modifier concentrations). To 
achieve successful separation in an timely manner, non-aqueous mobile phases can be 
employed, increasing the eluotropic strength significantly. Dermaux et al. applied a ternary 
mixture of isopropanol/hexane/acetonitrile to separate successfully triglycerides in fish oil 
[127,128]. The separation of retinyl esters on a C30 column with a mobile phase consisting 
of lithium acetate dissolved in N,N-dimethylformamide/acetonitrile/methanol was reported 
by Roed et al. [129,130].  
5.1.2 Separation of polar compounds: non-aqueous and hydrophilic-interaction mode 
To separate very polar compounds in an effective way, a polar stationary phase should be 
used combined with a relatively non-polar solvent. However, two different separation 
modes can thereby be distinguished, a non-aqueous (normal phase) mode and hydrophilic 
interaction (HI) mode. The former method utilizes a non-aqueous mobile phase, composed 
of organic solvents, while the latter utilizes an organic solvent (usually acetonitrile) with a 
small amount( 2-40%) of water or aqueous buffer added.  
The polar stationary phases consists generally of silica particles functionalized with polar 
functional groups such as aminopropyl, diol functions or cyanopropyl functions. Accordingly 
to the RP-mode, the solutes will be separated by their partitioning between the stationary 
and the mobile phase. The retention of the solutes will thereby increase with their polarity. 
However, the separation of polar solutes with non-aqueous CEC is rarely reported as the use 
of non-aqueous mobile phase causes some practical difficulties. For example, polar 
compounds exhibit a low solubility in the non-polar solvents, hampering the already limited 
sensitivity in CEC. Furthermore, pH control in non-aqueous environments is fairly difficult 
and most buffer salts are difficult to dissolve in non-aqueous media. The few reported non-
aqueous CEC analyses with polar stationary phases revealed that only low efficiencies were 
encountered combined with a poor EOF control [42,43]. Nevertheless, some efforts to 
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obtain non-aqueous CEC separation with polar monolithic columns have been reported [131-
133].  
The aqueous rich mobile phase of hydrophilic interaction chromatography on the other hand 
will be more suitable for CEC. This separation mode is already extensively researched in 
liquid chromatography (HILIC, hydrophilic interaction liquid chromatography). HILIC utilizes a 
polar stationary phase with a less polar mobile phase, usually a mixture of acetonitrile and 
an aqueous buffer. Retention in hydrophilic interaction chromatography is the result of the 
partitioning of the polar compounds between a more or less stagnant water enriched layer 
on top of the stationary phase and the less polar mobile-phase bulk. The water layer is 
partially immobilized by adsorption to the stationary phase. In addition to the better EOF 
control, HI-CEC exhibits the same advantages as HILIC compared to non-aqueous 
chromatography. The coupling to ESI–MS will be more efficient in HI-CEC as total non-polar 
solvents are difficult to ionize. Furthermore, the elution order in HI-CEC and HILIC will be the 
opposite as expected in RP separations, implying that HI-CEC will work the best on the 
lowest retained and therefore problematic solutes in RP separations.   
Hydrophilic interaction chromatography has already been proven to be a strong and efficient 
tool for the separation of polar and basic solutes in liquid chromatography but there has 
only little research been done to implement the technique in CEC [3,134-138].  
5.2 Enantioseparation by CEC 
Nowadays, half of all drugs are synthesized as chiral compounds, and nearly 90% of these 
last ones are racemic mixtures. Although there is no difference in chemical structure , these 
enantiomers can influence biological pathways in a different manner. The separation and 
purification of the targeted chiral drug molecule is therefore critical. Currently, chiral 
separations occurs mostly by LC, SFC and CE techniques [139-143]. The separation can 
thereby be performed via a direct or an indirect approach. The indirect method relies on the 
derivatization of the enantiomeric solutes with a stereochemically pure agent in order to 
form diastereomers, which are subsequently separated in a achiral system. Separation of 
enantiomers in LC and SFC is based on the their interaction with a chiral selector, embedded 
in the stationary phase. Direct separation in CE is obtained by adding a chiral selector to the 
Column technology, stationary phase supports and the different modes applied in capillary 
electrochromatography 
   
 
74 
 
BGE. As a consequence, diastereomers will be formed and separation will be based on the 
differences between the migration velocities of the formed diastereomers. 
The first enantioseparation in CEC was reported by Schurig et al. in 1992 [144]. Due to the 
high efficiency ascribed to CEC, enantiomeric separations in CEC attained a lot of attention. 
Furthermore, direct chiral CEC could be obtained by adding a chiral selector to the mobile 
phase or by the use of a chiral stationary phase. Therefore, the advantages of chiral CEC has 
been explored in open-tubular, packed and monolithic formats. The power of chiral CEC 
resides in the high selectivity delivered by the stationary phase and the high peak capacities 
empowered by the electrodriven flow [145-148]. As a consequence, fast separations can be 
obtained as efficient separation can be obtained on shorter capillaries. 
Comparable to HPLC, the chiral stationary phase (CSP) in CEC consists of two basic 
components: the chiral selector and an "inert" support. While the influence of the latter is 
unequivocally important for the separation characteristics, such as efficiency and mobile-
phase velocity, it is the chiral selector which defines the separation. The chiral selector must 
exhibit the same properties as in chiral HPLC. For example, the selector must be universal 
but as powerful (in selectivity) as possible. Furthermore, the selector should be easily 
immobilized on the stationary phase by grafting, copolymerization or via other 
immobilization procedures. However, the application in CEC requires a stable and insoluble 
selector in aqueous and non-aqueous solvents at different pH's values. Furthermore, in the 
ideal case the EOF generation should be supported or at least not be hampered by the chiral 
selector [145]. The most common CSP's in CEC consist of cyclodextrin derivatives or 
polysaccharides derivatives as chiral selectors [22,139,149-156]. However, numerous other 
(macro)-molecules have been reported as successful chiral selector in CEC, such as Pirkle 
type selectors ,proteins and macrocyclic antibiotics [133,147,148,157-159]. 
5.3 Ion-exchange electrochromatography 
Generally, the separation of ions is obtained by ion-exchange chromatography (IEC) or by 
capillary electrophoresis. The former method is based on differences in the electrostatic 
interactions between solutes and ion-exchange(charged functional) groups present in the 
stationary phase, as where the latter separates ions based on their charge to size ratio. 
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These methods are distinctive in sensitivity, selectivity and analysis time. In ion-exchange 
electrochromatography (IE-CEC), stationary phases also applied in IEC are packed or 
introduced in fused-silica capillaries. Therefore, a new separation selectivity will be provided, 
combining the characteristic of both methods. selectivity can be fine tuned by controlling 
the relative contributions of IE and CE [160]. Furthermore, the EOF will be generated by the 
charged functional groups present in the IEC stationary phase. Several successful IE-CEC 
separations of inorganic ions with packed, monolithic and open-tubular capillaries have been 
reported [114,161-165].   
However, IE-CEC is mostly applied to separate successfully ionic organic solutes. In classic 
reversed (or normal) phase CEC, the EOF is generated by the acidic ionized silanol groups. 
IEC-CEC is mostly performed with a mixed mode stationary phases. These stationary phases 
exhibit ion-exchange groups as well as (non-)polar functional groups, and the EOF is 
generated by the ion-exchange groups rather than by the ionized silanol groups. In 1997, 
Dittmann and Rozing separated a series of PAH's with a mixed mode stationary phase 
containing C18 chains as retentive sites, while cation-exchange groups, propane sulfonic 
acid, generated an stable and constant EOF over a wide pH range [166]. Moreover, these 
stationary phases are often beneficial for the separation of basic or acidic organic 
compounds, which have been proven difficult to separate in the normal or reversed phase 
mode, due to electrostatic interaction with the ionized silanol groups (basic solutes) and long 
analysis times (acidic solutes). Wu et al. reported a highly efficient separation of peptides 
with a mixed mode monolithic column. Separation was based on hydrophobic interaction, 
electrostatic interactions and electrophoretic migration resulting in efficiencies of 280,000 
plates. Up to today, several applications of mixed-mode electrochromatography are 
reported including the separations of peptides, proteins, organic acids and bases, amino 
acids and pesticides [39-41,110,163,167-176]. 
5.4 Molecular size-based separations in CEC  
In size-exclusion chromatography (SEC), separation occurs by the differences in velocities of 
molecules with different hydrodynamic volumes. In pressure driven techniques, the mobile 
phase will move with a certain interstitial velocity but form stagnant pools in the pores (pore 
flow≈0). Smaller molecules will enter a bigger fraction of the total pore volume, therefore 
their average velocity will be lower compared to bigger molecules. Hence, a separation 
Column technology, stationary phase supports and the different modes applied in capillary 
electrochromatography 
   
 
76 
 
based on molecular size can be obtained in this way. As a consequence, a broad pore 
distribution is beneficial for the separation in SEC mode, as it broadens the retention 
window.  
Only few reports investigated the possibilities of size-exclusion electrochromatography 
(SEEC) [106,177-179]. As SEEC is electrodriven, higher efficiencies will be obtained by the flat 
flow velocity profile compared to pressure driven techniques. Furthermore, the use of 
particles with large pores (250 A°) will result in a perfusive electrokinetic flow through the 
pores and therefore a beneficial effect in the mass-transfer of the solutes (C-term) should be 
observed. This mass-transfer improvement is particularly interesting as most SE(E)C analyses 
are performed on synthetic and natural macromolecules, which have slow diffusion 
coefficients [180]. However, this extra pore flow causes a decrease in the difference of the 
interstitial mobile phase velocity and the pore flow velocity, leading to a smaller retention 
window and decreased selectivity. Even more important is the inferior precision of SEEC 
compared to SEC. A study on the calibration curves of SEC and SEEC by Vander Heyden et al. 
demonstrated that the prediction errors of SEEC are two to three times larger compared to 
conventional pressure driven SEC, which explains the limited interest in SEEC [181]. 
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Rationale 
Capillary electrochromatography has often been described as the future step towards fast 
separations allowing higher peak capacities and column efficiencies. Although many 
researchers reported achieving these characteristics (especially in comparison to HPLC); 
nonetheless, the implementation of CEC as an industrial applicable separation technique is 
not yet reported after 25 years of research. In much of the earlier packed column CEC 
literature high efficiencies are obtained on columns packed with non-porous particles, or 
with porous material but under poorly retentive conditions or by analyzing solutes 
undergoing electrostatic peak focusing phenomena. 
Nowadays, a consensus exists that the effective CEC column performance is in many cases 
only mildly better or comparable to HPLC, and that the possible advantages of CEC are 
surpassed by the advances in UHPLC technology. Furthermore, the inherent problems of 
capillary separation techniques, such as a relatively limited detection sensitivity and 
challenging hyphenation to mass spectrometry, prevent the development of CEC as a widely 
applicable technique. 
The efficiencies encountered in the separations of neutral and retained molecules are lower 
than theoretically expected. Generally, this is explained by the limited control of the column 
technology and design. Packed columns are hampered by the necessity of the frits and extra 
band broadening is created by the difference in EOF between the packed and empty section 
of the column. Monolithic columns on the other hand show limited repeatability and 
reproducibility, while wall effects and poor pore size control also induce band broadening 
effects. Finally, the radii of CEC open-tubular columns are on the one hand too wide to 
obtain efficient separations and on the other hand to small to achieve sensitive on-column 
detection. 
Until now, the performance of the separation has been measured as the number of 
plates/meter of the column or through minimum plate heights. The latter method utilizes 
the H vs. u curves to obtain a minimum plate height at a certain mobile phase velocity. Most 
comparisons between different CEC columns of the same or different formats and between 
CEC and other separation techniques are obtained by comparing the van Deemter plots of 
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the respective methods. However, the plate height versus mobile phase velocity plots does 
not provide a complete and unambiguous picture of the performance and are therefore not 
suited to provide an unbiased comparison. For example, HPLC and UHPLC are fairly limited in 
the column length and particle size because of the applicable pressure. However, the length 
of the CEC column and the particle size is not limited by the applied voltage. Therefore, a 
comparison between the two techniques should incorporate this fundamental difference. 
Moreover, to obtain a broader comparison between different formats and particle sizes, a 
comparison should incorporate not only the minimum plate heights but also the fastest 
separation time possible to reach a given efficiency. 
The author agrees with the statement that column design and technology are not yet fully 
developed but also believes that other underlying, not yet clarified, phenomena are 
hampering the performance of CEC. As the developments of current technology (better 
detection sensitivities, simplified hyphenation to MS and the availability of pressurized 
buffer vials) allows easier and better separation, a re-evaluation of CEC as highly performant 
separation technique should be performed. 
Therefore, the following chapters describe the performance evaluation of capillaries with 
different stationary phases (different morphologies and different chemistry). Furthermore, 
the influence of temperature as a critical parameter for the performance and separation 
power in CEC will be investigated. 
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Chapter 4 
 
Kinetic performance evaluation and perspectives of 
contemporary packed capillary electrochromatography 
Capillary electrochromatography (CEC) is in essence a highly efficient and fast separation 
technique but practical constraints limit the current performance, robustness and routine 
implementation of the technique. In this chapter the kinetic performance limit (KPL) curve 
was used to evaluate commercial packed column CEC; this firstly to assess the broader 
applicability of the kinetic plot approach in electrodriven chromatographic techniques, and 
secondly to allow a more general unbiased comparison with HPLC performance. Evaluations 
were performed with a mixture of well retained and electrophoretically neutral phenones, in 
order to observe only chromatographic processes. Comparison was performed with HPLC, 
with a column packed with an identical stationary phase to allow measurement of the 
performance under optimal conditions, and not with µ-LC on the CEC column as extra column 
peak broadening phenomena would thereby negatively affect the µ-LC performance. This 
comparison demonstrated that current HPLC performance largely outcompetes what is 
achievable with contemporary packed column CEC. Interestingly, significantly improved CEC 
performance could be obtained at lower temperatures (10°C) suggesting a persistent degree 
of Joule heating phenomena taking place in the contemporary packed column (100 µm) CEC 
approach. Effective suppression of the latter opens possibilities for increasing the applicable 
voltage and outperforming HPLC and UHPLC.  
 
 
Published as De Smet S, Lynen F, Kinetic Performance Evaluation and Perspectives of Contemporary 
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1 Introduction  
After two decades of CEC development, industrial implementation of CEC remains largely 
unreported. Although a limited number of capillary electrodriven techniques effectively 
broke through (such as nucleotide sequencing tools [1-3]), the acclaimed advantages of CEC 
should have resulted in a number of genuinely applied methods. The absence thereof can be 
partially related to inherent problems of capillary separation techniques such as a relatively 
limited detection sensitivity and challenging hyphenation to mass spectrometry [4-6], or to 
specific CEC related issues such as the absence of commercial instrumentation allowing 
gradient analysis, method robustness issues and short column life time. A major issue in CEC 
is also the fact that the generation of flow is coupled to the properties of the particle and 
that for that reason selectivity and flow generation cannot be optimized independently. 
Many of the modern end-capped HPLC packing materials produce only very low EOF 
velocities. Although solutions could conceivably be envisaged for the above, according to the 
author, a major hurdle of contemporary CEC is that the effective CEC column performance is 
in many cases only mildly better or comparable to HPLC, and which is quickly becoming 
obsolete by the advances in UHPLC technology. This stands to contrast to the ultra-high 
efficiency CEC results described earlier. However, in much of the earlier packed column CEC 
literature high efficiencies are obtained on columns packed with non-porous particles, or 
with porous material but under poorly retentive conditions [7-12] or by analyzing solutes 
undergoing electrostatic peak focusing phenomena [12-16]. Implementation of an 
independent tool, allowing the least biased evaluation of CEC column performance seems 
therefore a necessary development.  
In liquid chromatography the comparison of columns in terms of achievable efficiency and 
speed of analysis, has been much facilitated since the introduction of the kinetic 
performance limit (KPL) method [17]. As described in Chapter I, the resulting kinetic plot (KP) 
thereby converts the plate height versus linear velocity curve to a speed versus efficiency 
curve and incorporates column permeability information, as the maximum efficiency is 
limited by the highest applicable pressure drop.  
Kinetic performance evaluation and perspectives of contemporary packed capillary 
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In HPLC the plot can be constructed by implementing the values of the efficiency and the 
pressure drop, measured at different linear mobile phase velocities (u0) into the next two 
equations (Eq. IV.1-IV.2) [18]: 
 
   
     
 
  
   
   
  
Eq. IV.1 
 
 
    
     
 
   
   
 
Eq. IV.2 
 
where t0 is the column void time, η is the viscosity, Kv0 the column permeability and ΔPmax 
represents the maximum pressure the instrument can provide or the column can endure. As 
the method assumes a constant plate height at the same linear mobile phase velocities, 
regardless of the column length, one of the prerequisites is the occurrence of an invariable 
column permeability irrespective of the length of the column. A second prerequisite of the 
KPL method is the invariable retention factor between compared kinetic plots to preserve an 
identical retention behavior of the standards. Note that both prerequisites can be 
detrimentally affected when ultra-high pressures are used, leading to the occurrence of 
heating, increasing plate heights and decreasing retention. The KPL approach is particularly 
suitable to compare the performance of columns with broadly differing properties. For 
example, in this way the maximal achievable performance of open tubular and monolithic 
formats and of columns packed with various particle sizes and morphologies at various 
temperatures can be directly compared through a single kinetic plot [19-24]. In pressure 
driven techniques like LC, the maximum number of plates that can be obtained with a 
certain mobile phase velocity is determined by the permeability of the column. However, 
CEC is only limited by the mobility of the electro-osmotic flow (EOF). Thus the practical 
constraint in CEC is not the pressure drop but the potential drop as demonstrated in 
Equation IV.3: 
 
         
   
 
 
Eq.IV.3 
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where µEOF stands for the electroosmotic flow mobility, V for the applied voltage and L 
represents the total length of the capillary. Derived from Equation IV.3 the kinetic plot in CEC 
can be described by the next Equations (Eq. IV.4-IV.5) [25]. 
 
      
  
   
 
Eq. IV.4 
 
 
       
  
   
 
Eq. IV.5 
 
In a similar way as in pressure driven techniques, where the KP is obtained by extrapolation 
to the maximum deliverable system pressure, can the KP in electrodriven techniques be 
obtained by extrapolating to the maximum voltage. Unmistakable, the most important 
prerequisite of the KP approach in CEC comprises an invariable electroosmotic flow (EOF), 
independent of the length and position in the capillary. The dependency of the EOF is 
represented in Equation IV.6:  
 
      
      
 
 
Eq. IV.6 
 
where ε0 is the vacuum permittivity, εr is the dielectric constant of the background 
electrolyte and ζ is the zeta potential [26]. As described in Chapter I, the zeta potential is 
related to δ and to the surface charge σ by Equation IV.7 [27,28]: 
 
   
  
     
 
Eq. IV.7 
 
To maintain the same electro-osmotic mobility a uniform zeta potential is needed in the 
capillary. In a packed capillary, where the zeta potential will be defined by the charged 
particles, a difference in inter-particle porosity occurs at the wall, compared to the middle of 
the capillary. This non-uniformity of the EOF is worsened with non-homogenously packed 
columns, whereby typically a lower packing density is observed close to the wall. This wall 
effect lowers exponentially with the distance to the wall, but creates a mismatch in the zeta 
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potential and hence leads to a less uniform mobility and mobile-phase velocity. Therefore, to 
implement kinetic plots, a uniform or as close as possible uniform bed is necessary.  
In this chapter the KPL method is applied for the evaluation of the performance of packed 
columns in CEC with realistically retained solutes which contain both hydrophobic and polar 
functionalities. Comparison with HPLC is performed and the influence of temperature on the 
CEC performance is investigated. The approach is used to estimate the potential of CEC.  
 
2 Experimental 
2.1 Chemicals, solutions and material 
MilliQ Water was prepared in house by water purification instrument from Millipore 
(Bedford, New Hampshire, USA). Acetic acid was obtained by Fiers (Fiers N.V., Kuurne, 
Belgium). Acetonitrile of HPLC quality originated from Biosolve (Valkenswaard, Netherlands). 
Octanophenone, decanophenone, dodecanophenone tris(hydroxymethyl)amino-methane 
(TRIS) and thiourea were purchased from Sigma-Aldrich (Bornem, Belgium). Stock solutions 
of thiourea, octanophenone, decanophenone and dodecanophenone were prepared at 8000 
µg/mL in water or acetonitrile (ACN, dependent on their solubility and diluted to 50 µg/mL 
concentrations (in the same solvent) composition as the mobile phase) for all samples.  
 
2.2 Apparatus and chromatography 
CEC measurements were performed on a CE 7100 system (Agilent Technologies, Waldbronn, 
Germany) equipped with an air-cooling system, autosampler, diode array detector and a 
built-in system to pressurize the vials. All chromatographic analyses in CEC mode were 
performed on commercially capillary columns (Agilent Technologies) packed with 3 µm 
Hypersil-C18 particles (250 mm effective length, 335 mm total length, 100 µm i.d.). The 
temperature was varied between 10 and 45°C by the built-in air cooled thermostat. The 
mobile phase was filtered with syringe filters (Grace, 0.45 µm PVDF filters). Injection in CEC 
was performed electro-kinetically by applying 8 kV during 4 seconds. An alignment interface 
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for standard capillaries of 75 µm ID (and above) with an optical slit of 75 µm was used. HPLC 
analyses were performed on a 1260 Infinity system (Agilent Technologies) equipped with a 
variable wavelength detector and a micro flow cell of 1.2 µL. An ODS Hypersil column 
(150*4.6 mm, 3 µm) was obtained from Thermo-Scientific (Waltham, MA, USA). The 
injection volume was 1.2 µL.  
Both the electrochromatographic runs and HPLC analyses were performed with a mobile 
phase consisting of a mixture of 25 mM Tris-acetate buffer at pH 8.5 and ACN. Detection was 
performed at 240 nm and all obtained data was processed using Chemstation B.04.03 
software. 
3 Results and discussion 
The performance of packed column CEC has often been illustrated through the analysis of 
inert solutes such as polyaromatic hydrocarbons [26,29-31]. The choice of these solutes is 
meaningful as they are electrically neutral, depict strong hydrophobic interactions in the 
reversed phase mode and contain strong chromophores. On the other hand, and especially 
from a diffusion perspective, these test solutes are not necessarily very representative of 
most analytes suitable for CEC analysis. This is, for example, illustrated by the significantly 
shallower C-term measured in the van Deemter curves of these solutes both in CEC [31] and 
in (U)HPLC [32,33] compared to the more polar analogues. This is related to the faster 
diffusion of purely aromatic solutes, not containing any polar functionalities, in and out of 
the stationary phase and through an aqueous/organic mobile phase. The mobility and 
therefore the diffusion coefficients of more polar solutes are typically slowed down by 
hydrogen bridge formation, dipole-dipole interactions and because they tend to be 
surrounded by solvation shells in aqueous environments. Due to their charge neutrality and 
UV absorbance therefore short chain phenones were first selected for construction of the 
van Deemter curves under well retained conditions (k 2-5). However, as highly repeatable 
solute retention could only be obtained under conditions of high organic content (i.e. 80% 
acetonitrile/20% TRIS-acetate buffer pH 8.5) in the mobile phase, longer chain phenones 
such as octanophenone, decanophenone and dodecanophenone were finally selected for 
the evaluation of the columns via the KPL method while ensuring satisfactory solute 
retention. The separation of the 3 solutes and of thiourea on a 25 cm bed packed with 3 µm 
C18 particles is illustrated in Fig. V.1A at 17.5 kV. The corresponding retention factors were 
Kinetic performance evaluation and perspectives of contemporary packed capillary 
electrochromatography  
   
 
 
93 
 
1.4, 2.6 and 5, and the RSD%’s varied from 0.21 to 0.77 and from 0.87 to 1.7, for the intra-
day and day to day repeatability, respectively. Although the peak symmetry is improving for 
increasing retention, this coincided with an increase in the minimal plate heights from 9.21 
to 9.57 and 9.85 µm illustrating the bias insufficiently retained solutes can introduce in CEC 
column evaluation. The van Deemter curves, depicted in Figure IV.1B, were constructed by 
analysis of the mixture at 10 different voltages between 7.5 and 30 kV. Optimal velocities 
were measured at 0.7 mm/s.  
These reported plate heights (corresponding to reduced plate heights of ≈3) might seem 
high in the light of earlier reports, but are in line with reported results for the analysis of 
(neutral) polar solutes in CEC [15,34,35]. A less than optimal packing efficiency, a slower 
than expected mass transfer and the possible occurrence of Joule heating phenomena are 
the likely causes of the measured plate heights. 
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Figure IV.1. Electrochromatogram (1A) and van Deemter curves (1B) in CEC. Sample 
consisted out of thiourea (1), octanophenone (2-red squares), decanophenone (3-green 
circles), dodecanophenone (4-blue triangles). Mobile phase composition: 80% ACN/20% 
25mM Tris-Acetate pH 8.5.  
 
Nevertheless the corresponding kinetic plots can be constructed from this data, in analogy 
with HPLC, by extrapolating the results to the maximum applicable voltage by using 
following equations (Eq. IV.8-IV.10) as described by Fekete at al. [25]: 
                       Eq. IV.8 
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               Eq. IV.10 
Where λ represents 
 
   
     
     
 
Eq IV.11 
 
The plots are represented in Figure IV.2. Every point on these curves illustrates the maximal 
efficiency and shortest analysis time which can be obtained on any given length of this type 
of column. The top right section of these plots illustrates the asymptotic region where 
further elongation of the column, for a given maximum available voltage (i.e. 30 kV) will not 
further increase the plate count (as one thereby wanders even deeper in the B-term region 
of the van Deemter curve).  
 
 
Figure IV.2. Kinetic plots obtained in CEC according to the data represented in Figure IV.1. 
Sample consisted out of Thiourea (1), octanophenone (2-red squares), decanophenone (3-
green circles), dodecanophenone (4-blue triangles).  
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It allows, for example, to predict that for octanophenone 120,000 plates will be obtained on 
a comparable column packed with the same particles over length of 1.5 m and that it will 
require 200 minutes to elute this solute (t0 = 83 min). The bottom left section of these curves 
illustrates the C-term regime or what performance is possible with very short columns of this 
type. For example 5,000 plates can be obtained for octanophenone with a t0 of 0.43 min (tR = 
1.05 min) on a packed bed of 11 cm.  
As in CEC the coupling of packed capillaries is currently not possible and as this would 
inevitably require the manufacturing of a new column with a different length for every point 
on the maximum performance curve, the pragmatism of this type kinetic plot can be 
questioned. However, these curves illustrate well that obtaining very high separation 
efficiencies or ultrafast analyses in CEC under realistically retained (and therefore separated) 
conditions, with the goal of outcompeting pressure driven techniques, is not possible with 
packed column CEC in this current format (3 µm dp and 30 kV available voltage).  
The availability of longer packed beds up to 1.5 m would be most welcome, as this would 
allow operation close to the minimum of the van Deemter curve while operating at 30 kV, 
and therefore allow more efficient use of the available instrumental capabilities. Although 
this length would still only deliver 120000 plates, values which are today more easily 
reachable in HPLC by coupling a limited number of conventional columns at somewhat more 
elevated temperatures [24,36]. 
To illustrate how this performance compared to pressure driven techniques identical 
analyses were performed on commercial 150 x 4.6 mm stainless steel HPLC columns packed 
with the same Hypersil 3 µm ODS stationary phase. This comparison was deliberately 
performed with the LC equivalent under optimal conditions (i.e. implying measurements on 
well-developed columns under conditions were extra-column peak broadening phenomena 
were minimized) and not with µ-LC of the CEC columns. This as the latter carries no practical 
value and as extra-column peak broadening phenomena in isocratic µ-LC are almost 
impossible to suppress, leading to poor LC performance and therefore to experimental bias. 
Note that both the HPLC and CEC separations were performed with identical mobile phase 
compositions. 
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In Figure IV.3A the corresponding HPLC chromatogram at a flow rate of 0.8 mL/min is 
represented. Comparison with Figure IV.1A and analysis of Table IV.1, reveals significantly 
higher retention factors in HPLC compared to CEC. This is caused by a lower packing density 
in the CEC columns [37], leading to an increased phase ratio (= Vm/Vs, whereby Vm and Vs 
correspond to the volume of mobile and stationary phase, respectively) and/or by retention 
time reductions due to Joule heating effects, affecting the partitioning process [38-40]. In 
the corresponding van Deemter curves, represented in Fig. V.3B, the minimal plate heights 
were 7.9, 7.6 and 7.8 µm for octano-, decano- and dodecanophenone, respectively. 
Shallower C-terms and correspondingly faster optimal velocities compared to the CEC 
equivalents are thereby also observed. This phenomenon could be related to either Joule-
heating phenomena or due to less efficient mass transfer between the two phases caused by 
the lower packing efficiencies in the CEC columns.  
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Figure IV.3. Chromatogram (3A) and van Deemter curves (3B) in HPLC. Red squares: 
octanophenone (2). Green dots: decanophenone (3). Blue triangles: dodecanophenone(4). 
Mobile-phase composition: 80% ACN/20% 25mM Tris-Acetate pH 8.5. 
 
The corresponding kinetic plots for the HPLC column are constructed in Figure IV.4. For 
comparison the achievable performance of HPLC is overlaid with the CEC curves. HPLC 
curves were thereby extrapolated to 400 bar and the CEC curves to 30 kV.  
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Figure IV.4. Comparison of kinetic plots in CEC and HPLC. The dashed curves represent the 
HPLC kinetic plots and the full curves the kinetic plots of CEC. Red squares: 
octanophenone (2). Green dots: decanophenone (3). Blue triangles: dodecanophenone 
(4). Mobile phase composition: 80% ACN/20% 25mM Tris-Acetate pH 8.5. 
 
These figures illustrate the limitation of this type of packed column CEC compared to current 
HPLC. For octanophenone, efficiencies cannot reach 120,000 plates in CEC while for HPLC up 
to 200,000 plates are possible. Even more, the comparison of the elution of the solutes on a 
vertical line for CEC and HPLC shows that the same efficiency can be obtained in less time 
with conventional HPLC. However, the maximum plate numbers are only reached at very 
long analysis times and are therefore not very practical. The plate numbers of the kinetic 
plot can also be visualized as a function of tEOF/N
2. This kinetic plot for octanophenone, 
shown in Figure IV.5, visualizes better the differences in the C-region. 
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Figure IV.5. Comparison of kinetic plots in CEC and HPLC for octanophenone. The red 
curve represents the HPLC kinetic plot and the blue curves the kinetic plot of CEC. Mobile 
phase composition: 80% ACN/20% 25mM Tris-Acetate pH 8.5. 
 
Figure IV.5 demonstrates that HPLC analyses performed on short columns (C-region) are 
preferential in terms of speed and efficiency as well. As the current developments in UHPLC 
further exacerbate this situation to the detriment of CEC, more insight in the underlying 
causes of the less than expected CEC performance is necessary in order to remediate this 
situation.  
Particular attention thereby needs to be paid to the possible development of radial thermal 
gradients in the used CEC format due to Joule heating phenomena. A faster than expected 
increase in current as a function of the applied voltage, is typically considered to be 
indicative of this phenomenon [28]. In Figure IV.6A this is represented for a series of 
analyses at various temperatures. The measurement under the coolest operational 
conditions (10°C) resulted in all cases in the lowest generation of current. However, one 
would expect, upon absence of Joule heating, a linear increase in current versus voltage. The 
plots illustrate that at even low temperatures some degree of non-linearity is measured and 
that, when the experiments are performed at increasing temperatures, the degree of 
deviation is enhanced.  
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Figure IV.6. Current versus voltage profiles (A) at various temperatures and the van ‘t Hoff plots (B) 
of the three phenones as measured in CEC and in HPLC on the same type of stationary phase. The 
current was measured at 10°C (blue squares), 15°C (cyan dots), 25°C (green up pointed triangles), 
35°C analysis (orange down pointed triangles) and 45°C (red diamonds). The van ‘t Hoff plots of 
octanophenone, decanophenone and dodecanophenone, were represented by blue squares, green 
dots and red triangles, respectively. The CEC and HPLC data were represented by full and dotted 
lines, respectively. 
 
The possible occurrence of detrimental Joule heating is also attested by the unconventional 
drop in solute retention as a function of temperature. In Table IV.1, Figure IV.6B and in 
Figure IV.7 the retention data, the corresponding van ‘t Hoff plots and the chromatograms 
are respectively represented to illustrate this phenomenon.  
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Figure IV.7: CEC electrochromatograms at 10°C; 15°C, 25°c, 35°C and 45°C at 17.5 kV. The separated 
components are in order of elution thiourea (1), octanophenone (2), decanophenone (3) and 
dodecanophenone (4).  
 
A reduction in retention factor for dodecaphenone from 7.6 to 3.1 (-60%) is thereby 
measured when increasing the temperature from 10 to 45°C. For comparison, in HPLC a 
comparable reduction in retention is typically observed when temperature is raised by at 
least 60-80°C [41-44]. The comparison of the van 't Hoff plots, depicted in Figure IV.6B, 
demonstrate the sharp decline in retention in CEC with increasing temperature, compared to 
HPLC.  
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Table IV.1. The retention comparison at different temperatures in CEC and HPLC 
 k CEC k HPLC 
 10°C 15°C 25°C 35°C 45°C 25°C 
octanophenone 1.67 1.62 1.37 1.16 0.99 2.36 
decanophenone 3.45 3.21 2.59 2.11 1.74 4.80 
dodecanophenone 7.64 6.68 5.00 3.90 3.11 9.82 
 
As the measured retention in CEC is dropping about twice as fast this strongly indicates the 
occurrence of significantly higher temperatures in the center of the capillary than the set (air 
cooled) temperature by the instrument thermostat. These results could indicate interesting 
possibilities for the application of temperature gradients instead of the, harder to realize, 
mobile phase compositional gradients, to increase the eluotropic strength in CEC. It also 
points to possible strategies to allow increased CEC retention (at low temperatures) while 
still using large fractions of organic modifier, in this way opening up possibilities for more 
repeatable CEC analyses. However, these temperature phenomena mainly affect the 
reachable efficiencies in a detrimental way.  
In Figure IV.8 the CEC van Deemter curves for octanophenone were constructed from 10°C 
to 45°C. A 24% improvement in minimal plate height (from 8.29 to 6.31 µm), which is 
thereby observed between 25 and 10°C, illustrates the benefits of operating CEC on packed 
columns at reduced temperatures. Interesting is that now, under these cooler conditions, an 
indeed lower minimal plate height is obtained in CEC (6.31 µm) compared to HPLC (7.8 µm) 
on the same stationary phase.  
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Figure IV.8. The van Deemter curves of octanophenone obtained at different 
temperatures. Blue square: 10°C. Cyan dots: 15°C. Green up pointed triangles: 25°C. 
Orange down pointed triangles: 35°C. Red diamonds: 45°C.  
 
Better control of the Joule heating phenomenon at the lower temperatures is probably, also 
in the light of the above discussion, the cause of the observed results. Comparison with the 
van Deemter curves at higher temperatures learns that at 35°C and 45°C again lower plate 
heights (12% reduction) are obtained compared to the 25°C experiments. This observation, 
however, requires critical assessment as, as discussed above, this coincides with a retention 
factor reduction from 1.67 to 0.99. The somewhat improved minimum plate height value, at 
45°C, is related to an overall faster mass transfer at more elevated temperatures, which 
leads to a reduced C-term (and particularly to a reduced Cs term or the resistance to mass 
transfer in the stationary phase). Additionally, also note that the lower retention at higher 
temperatures further lowers the contribution of the resistance to mass transfer in the 
stationary phase (as the relative importance of the Cs term lowers to the benefit of the Cm 
term). Nevertheless, these effects appear to be simultaneously being counterbalanced by 
increased Joule heating leading to the intermediate value in terms of measured minimum 
plate height at 45°C compared to 10°C. 
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Note that the above reasoning that Joule heating phenomena are occurring in these CEC 
experiments is based on the Ohm's law plots and on the Van 't Hoff curves depicted in Figure 
IV.6, which both allow strong support of this interpretation. Nevertheless, an alternative 
interpretation of the shapes of the van Deemter curves obtained in CEC at various 
temperatures could lead to the conclusion that the Joule heating is a lesser problem in CEC 
than is concluded here. This rationale involves that the C and B-term values and the optimal 
velocities should increase in the experiments including Joule heating. As this is not observed 
in Figure IV.8 one could conclude that other phenomena are at the origin in the observations 
in Figure IV.6.   
On the other hand, one might expect significant peak broadening and van Deemter curve 
distorting phenomena to take place when Joule heating is occurring in the columns, leading 
to strong radial temperature profiles. As experimental results show that the best 
performance in the van Deemter curves and in practice are obtained when using lower 
temperatures, the Joule heating assumption which is presented here seems the most 
probable explanation of these phenomena. However, it is clear that further work on the 
construction of van Deemter curves and kinetic plots in CEC at various temperatures 
imposes itself to corroborate the results. 
It should be noted that in HPLC the optimal velocity is also increasing as a function of 
temperature (due to the faster mass transfer) but that, by contrast to the above CEC results, 
the minimal plate height is thereby independent of the temperature when frictional heating 
is negligible [46] and close to ≈2dp for fully porous particles. These results illustrate that in 
CEC, from a practical perspective, the low temperature experiments are more interesting 
compared to the high temperature analyses. This can be illustrated through the peak 
capacity values of 102 and 67 which are measured for the 10 and the 45°C chromatograms, 
respectively (obtained via Eq. 14 in [45]). This indicates that low temperature CEC allows a 
significant increase in peak capacity with a 25 cm column under the described conditions. 
Transformation of the plate-height curves, collected at the different temperatures for 
octanophenone, to the electrochromatographic kinetic plots, allows generalization of these 
observations. The resulting plots, depicted in Figure IV.9A reveal again more plates can be 
achieved in less time at 10°C for all columns lengths. Nonetheless also these plots do not 
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allow assessment of the actual separation performance due to the decreasing retention at 
more elevated temperatures. In Figure IV.9B this drawback is addressed by use of the 
effective plate number (Neff = N*(k
2/(1+k)2) which is adequately correcting for the lesser 
resolution which is reached under conditions of poor retention. Very comparable profiles are 
observed when replacing the abscissa by peak capacity values. From the resulting kinetic 
plots, depicted in Figure IV. 9B, it can now be deduced that an analysis at a lower 
temperature (10°C and 15°C) is always preferable in terms of maximum achievable 
(effective) efficiency (and peak capacity), while Figure IV.9C demonstrates that analyses at 
lower temperatures are also preferable in terms of speed of the analysis, compared to the 
analyses at higher temperatures (25-45°C). Yet, despite the lower plate height, the maximum 
performance even with low temperature CEC remains lower compared to the HPLC results 
represented in Figure IV.3-4. 
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Figure IV.9. The electrochromatographic kinetic plots of octanophenone represented as 
NKPL (A)or NKPL, eff (B) as a function of tEOF, KPL. The effective plates are also represented as a 
function of tEOF/N
2 (C). In A-C: dark blue square: 10°C, cyan dots, green up pointed 
triangle: 25°C, orange down pointed triangle: 35°C, and the red diamond: 45°C.  
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The above results allow extrapolating of the measured CEC performance towards formats 
where it should truly become an attractive alternative for the pressure driven equivalents. 
Essentially CEC performance will only become a competitive alternative for HPLC if columns 
(of comparable length) can be packed with (porous) sub-micron particles. To illustrate this in 
Figure IV.10, new kinetic plots where constructed for simulated columns, packed with 
smaller particle sizes (1.8, 1 and 0.5 µm), based on the information from the 10°C van 
Deemter data in Figure IV.8. The van Deemter data were subsequently extrapolated via the 
reduced plate heights and reduced linear velocities towards the expected curve profile for 
the smaller particles. The reduced linear velocity and reduced plate height are particle 
independent values. Assuming that the particle size distribution, the packing density and the 
diffusion coefficients are constant, their linear velocities and plate heights can be simulated 
in a straightforward way.  
 
 
Figure IV.10. The simulated kinetic plots at 30 kV (full line) and 120 kV (spotted line) for a 
particle diameter of 3 µm (red squares), 1.8 µm (green dots), 1 µm (blue up pointed 
triangles) and 0.5 µm (grey down pointed triangles). The contemporary CEC region is 
demarcated by the hatched area. 
 
Note that these extrapolations are only valid if the degree of Joule heating is the same, if the 
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the former assumptions are defendable, as when using the same mobile phase conditions 
and the same capillary diameter, no increase in current generation is to be expected. The 
same is valid for the latter as the magnitude of electro-osmotic flow is not much dependent 
on the particle size (except when smaller than 50 nm due to double layer overlap). The most 
challenging issue in this performance and for CEC as a whole is, however, that with 
conventional slurry packing approaches, satisfactory columns packed with 0.5 µm particles 
cannot be manufactured as the packing pressures involved would be astronomical. 
Nevertheless in the light of the many alternative packing approaches which have been 
described (such as supercritical fluid and electrokinetic packing strategies [46-48]), this 
thought experiment is worthwhile pursuing if only to assist the future CEC developments. 
This extrapolation shows, for example, that a maximal (asymptotic) performance of 820000 
plates should be obtainable with 0.5 µm particle diameters (i.e. 6 times more than is 
possible with the current 3 µm format) in 144 min.  
An interesting foreseeable evaluation in the field of capillary electrochromatography is the 
possibility to apply more elevated voltages above the 30 kV safety limit which is used today. 
As successful CE experiments at 120 kV (and higher) have already been reported the results 
are hereby extrapolated to this voltage [49-53]. Under the assumption the Joule heating 
phenomenona can be sufficiently suppressed (e.g. by lowering ionic strength, by using low 
conductivity buffers or by the use of narrower capillaries), retentive chromatography with 
column performances up to 3,600,000 plates in 576 min. or to reach a million plates in 21 
minutes for retained compounds would be possible. 
5 Conclusion 
This works introduces the construction of kinetic plots in packed column CEC by considering 
the maximum voltage as constraining parameter. The methodology was used to investigate 
the potential of contemporary CEC and the importance of the temperature control in CEC. It 
is revealed that cooling down to 10°C is beneficial for the efficiency and speed of the 
analysis. Analyses at low temperature seem to suppress Joule heating phenomena leading to 
less band broadening and increased retention. High temperatures (up to 45°C) expedite the 
analyses to the detriment of the effective plate numbers and peak capacity. Comparison of 
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CEC with HPLC for columns packed with the same stationary phase reveals that 
electrochromatography in its current format is not yet competitive with the pressure driven 
analogues. This was mainly ascribed to problems with the efficiency of the packed beds, 
leading to differences in phase ratio between the HPLC and the CEC columns. However, it 
was also demonstrated that Joule heating is probably still an occurring problem. The 
simulation capabilities that the kinetic plots offer illustrate that the future power of CEC 
resides in the use of sub-micron particles and of ultra-high voltages (120 kV) on packed 
columns. 
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Chapter 5 
 
Possibilities and limitations of hydrophilic interaction capillary 
electrochromatography on native silica packed columns 
The potential of native silica particles as stationary phases in packed column hydrophilic 
interaction capillary electrochromatography (HI-CEC) is described in this chapter. Therefore, 
the procedure to pack capillaries with native silica particles was optimized, with the emphasis 
on the optimization of the frits. The fundamental evaluation of the columns was performed 
through analysis of neutral polar test solutes, to allow unbiased study of the 
chromatographic performance. Capillaries were packed with 5 and 3 µm particles and a 
reduced plate height of 2 was obtained. The kinetic plot method was utilized to demonstrate 
the ultimate potential of the packed columns. The influence of the organic modifier content 
on the EOF velocity and on the solute retention was investigated. The potential of packed 
column HI-CEC was subsequently investigated with nitrobenzenes, genotoxic solutes and 
polar polymeric compounds on columns of various dimensions.  
 
 
 
 
 
 
 
 
In preparation as De Smet S, Lynen F, Possibilities and limitations of hydrophilic interaction capillary 
electrochromatography on native silica packed columns. 
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1 Introduction  
During the last decades hydrophilic interaction liquid chromatography (HILIC) has emerged 
as a viable complementary technique to reversed-phase liquid chromatography (RPLC) for 
the analysis of polar and basic compounds. Possible separation of these solutes in reversed-
phase mode can only be achieved with the use of highly or totally aqueous mobile phases, 
which can lead to stationary phase collapse. Furthermore, in most cases satisfactory 
separation is still inhibited due to the still insufficient retention. Therefore, separation 
modes such as normal phase and hydrophilic interaction liquid chromatography are more 
suitable for the analysis of polar compounds due to their hydrophilic stationary phase. The 
former is, however, limited by the often too low solubility of these solutes in the organic 
solvents. The latter is more suited for these analyses due to the aqueous content of HILIC 
type mobile phases [1-4]. Also, as described in Chapter III, CEC with polar stationary phases 
and a non-aqueous mobile phase often results in poor efficiencies and poor control of EOF 
[5,6]. 
In 1998, Wei et al. investigated the CEC analyses of basic compounds on capillaries packed 
with bare silica, revealing a complex retention mechanism including phenomena related to 
the normal-phase, reversed-phase and ion-exchange modes, dependent on the modifier 
content (and on the pH of the mobile phase). This was later confirmed by Mckeown et al., 
who investigated the retention behavior of polar compounds on Hypersil materials with 
different purity [7,8]. 
In 2001, the term HI-CEC was introduced by Ye et. al who packed capillaries with hydrophilic, 
strong cation-exchange particles of poly(2-sulfoethyl aspartamide) coated silica (5 µm) and 
obtained separations with a maximum efficiency of 111,000 plates/m [9]. Neutral molecules 
were separated by their hydrophilicity in the inversed order as observed in reversed-phase 
chromatography. However, three different mechanisms contributed to the retention of basic 
compounds: electrophoresis, hydrophilic interaction and ion-exchange interaction. 
Therefore, the interpretation and prediction of elution order of e.g. basic compounds 
becomes more complex. HI-CEC has until now only been reported 30 times and only two 
contributions describe the use of packed bed capillaries. In 2005, Valette et al. described the 
application of a packed bed of aminopropyl silica particles (3 µm) where the direction of the 
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EOF proved to be dependent on the nature of the ions in the electrolyte [10].   
Most of the HI-CEC work thus far has been focused on the use of monolithic capillaries and 
to a lesser extent on open-tubular capillaries. The monolithic format gained popularity due 
to the easier column preparation process, the possibility of implementing different 
functional groups on the same polymeric support and more importantly because of the 
absence of the need to fabricate retaining frits. The applied polar monoliths in electrodriven 
techniques can be divided in three categories: silica-based [1,2,11-18], polyacrylamide 
[1,2,4,19,20] and polymethacrylate [1,4,17,21-23] based monoliths. In monolithic columns 
the EOF velocity and retention(-mechanisms) can easily be altered by changing the 
incorporated functional groups in the structure. However, the monolithic bed tends to shrink 
during the polymerization process, which induces wall effects [24,25]. The resulting 
difference in the EOF velocity and the mass transfer close to the wall, compared to the 
middle of the monolith, can induce mild to severe band broadening. Furthermore, in 
monolithic columns the control of the pore size (influenced by the porogen) is challenging, 
leading to poor column-to-column repeatability, as mentioned in Chapter III.  
Furthermore, a fundamental comparison between HI-CEC and HILIC has been lacking. The 
evaluation and comparison of the performance of HI-CEC is therefore important. Moreover, 
the evaluation of such columns with neutral polar test solutes will generate a better insight 
into the hydrophilic interaction mechanism and reveal possible limitations of the technique. 
As in most reported HI-CEC and HILIC results the retention is fairly limited, it is therefore also 
interesting to investigate the band broadening processes occurring for more retained 
components (2<k<10).  
Note that the sintering of the frits in capillaries packed with native silica particles is easier 
and should result in more robust silica particles. Consequently, the lifetime of the columns 
should be extended. In addition, packed beds consisting of native silica particles result in a 
high presence of free silanol functions on the surface, which enables the generation of a high 
EOF. This effect will be amplified as the mobile phases for HI-CEC contains a high 
concentration of ACN, which promotes also the generation of a high EOF (as explained in 
Chapter I).  
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Therefore, hydrophilic interaction electrochromatography should in principle be a 
performant technique and should offer a favorable complementary separation mode next to 
reversed-phase based electrochromatography.  
In this study, capillaries were packed with native silica particles for the application of 
hydrophilic interaction CEC. The capillaries are evaluated with a neutral polar test mixture 
under well retained conditions. As a consequence, the separation is purely based on 
hydrophilic interactions and the performance of CEC capillaries, packed with bare silica 
particles, can be investigated in an unbiased way. The effect of the ionic strength and 
organic modifier concentration on the separation parameters (retention, mobile-phase 
velocity and efficiency) is examined and the possibilities of packed columns HI-CEC are 
explored with various representative test samples on various column dimensions.  
2 Experimental 
2.1 Reagents and materials 
Fused-silica capillaries (75 µm ID) were purchased from CM Scientific (Silsden, United 
Kingdom). The native nucleosil particles (5 and 3 µm), produced by Macherey-Nagel (Düren, 
Germany), were obtained from Filterservice (Eupen, Belgium). Milli-Q water was prepared in 
house by purification and deionization of tap water in a Milli-Q plus water instrument from 
Millipore (Bedford, New Hampshire, USA). Acetic acid, acetonitrile, acetone and ammonium 
acetate of HPLC quality originated from Biosolve (Valkenswaard, Netherlands). The sodium 
silicate solution and all test compounds used for CEC-UV were purchased from Sigma-Aldrich 
(Bornem, Belgium). Stock solutions of all compounds were prepared at 10,000 µg/mL in 
water or ACN, dependent on their solubility, and diluted to 75 µg/mL (in the same solvent 
composition as the mobile phase) prior to analysis.  
2.2 Instrumentation and chromatography 
The 7100 CE system (Agilent Technologies, Waldbronn, Germany) used in this work includes 
an air-cooled thermostat, auto-sampler, diode array detector and a built-in system to 
pressurize vials. The mobile phase was filtered with syringe filters (Grace, 0.45 µm PVDF 
filters). Electrokinetic injections were performed by applying a voltage difference of 8 kV 
during a time span of 4 s.  
Possibilities and limitations of hydrophilic capillary electrochromatography on native silica 
packed columns 
   
 
119 
 
A stock solution of ammonium acetate buffer was prepared by adding acetic acid to a 25 
mM ammonium acetate solution until a pH of 5.5 was obtained. The mobile phase was 
prepared by adding the required volume of the buffer stock solution to ACN. Consequently, 
the mobile phase was degassed in an ultrasonic bath for 10 minutes prior to analysis. 
Analysis temperature was maintained at 25°C. All obtained data was processed with 
Chemstation B.04.03 software.   
New columns were conditioned by increasing the voltage in a stepwise way to 30 kV in a 2 
hour time span. Changes in mobile-phase composition were obtained by flushing the column 
in steps of increasing voltage to 30 kV with assisted pressure (10 bar) on the inlet to initiate 
the mobile-phase movement. The columns were stored with a mobile-phase composition of 
ACN/H2O (1/1, v/v) and the capillary ends were submerged into vials filled with the same 
solvent composition.  
2.3 Packing procedure 
The CEC columns were packed by an in-house developed slurry packing techniques [26]. The 
packing set-up is described in Figure V.1.  
A Gilson 307 pump, equipped with a 5SC pump head, was connected to a pressure release 
valve. The other ports of the valve were connected to the slurry reservoir and to the waste 
line. The slurry reservoir was fabricated by drilling a small hole in the top frit of an emptied 
HPLC column (10 cm, 4.6 mm). The capillary column was connected to the slurry reservoir 
via a Valco union and a graphite/vesper ferrule, which can withstand the pressure while 
being reusable. The capillary inlet was positioned close to the bottom of the reservoir and 
the latter was partially submerged (vertically) in an ultrasonic bath to maintain the particles 
suspended in the slurry for a longer time. 
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Figure V.1. The used set-up to slurry pack capillaries with on the right a close up of the connection 
between the column and the capillary. (1: fused-silica capillary, 2: 1/16” Swagelock nut, 3: 1/16” 
Swagelock back ferrule, 4: vespel ferrule (0.4 mm ID), 5: 1/16 x 1/16 Swagelock union, 6: 1/16” 
Waters ferrule, 7: 1/16” stainless steel HPLC tubing, 8: 1/16” Waters nut, 9: packing reservoir inlet. 
 
The packing procedure, depicted in Figure V.2, comprised several steps. Prior to packing, the 
fused-silica capillaries were rinsed for 15 minutes with 1 M NaOH, H2O and MeOH. 
Subsequently, the capillaries were dried for 30 minutes under a N2 flow. 20 mg Nucleosil 
particles were wetted with 40 µL of 1/1 (v/v) mixture of water/sodium silicate to create a 
sticky plaster. The inlet end of the column was dipped several times into the mixture such 
that a small amount was introduced into the capillary. Subsequently, the introduced 
material was sintered at 300°C with the help of a heating filament. The strength and the 
permeability of the frit was tested by pumping the packing solvent through the column at 
600 bar for 5 minutes. 75 mg of the packing material (5 Nucleosil particles, 120 Å) was 
suspended in 1 mL of the packing solvent, consisting of acetone and H2O (30/70, v/v) and 
sonicated for 15 minutes. Note that a packing and slurry solvent consisting of 90% acetone 
and 10% water was used for the packing of capillaries with the 3 µm particles. Subsequently, 
the slurry was introduced into the packing reservoir and the pressure was quickly raised to 
600 bar and maintained for 2 hours, while the system was submitted to ultrasonic agitation. 
The pressure was then slowly released during the course of one hour. Subsequently, the 
column was flushed during 6 hours at 600 bar with water to which 0.3% sodium silicate 
solution was added. The outlet frit was sintered with the heating ribbon while the capillary 
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was still pressurized. Consequently, the pressure was slowly released and the direction of 
the capillary was inversed. The excess packing material was flushed out the capillary while 
the capillary was simultaneously conditioned with mobile phase (acetonitrile/buffer) during 
2 hours at a pressure of 250 bar. Finally, the packed bed and frits were inspected for 
fractures or unpacked sections with the help of an optical microscope. 
 
 
Figure V.2. Schematic representation of the packing procedure. 
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3 Results and discussion 
3.1 Optimization of the packing procedure 
As it is known that the composition of the slurry solvent, the packing procedure itself and 
the frit fabrication have a large influence on the separation performance in CEC, much 
emphasis has been set on optimization of these aspects in this work. The retaining inlet frit 
was formed by introducing and heating a mixture of native silica particles and sodium silicate 
in the capillary. Ideally, the frits should exhibit strong mechanical characteristics, a good 
permeability and should be as similar to the packing materials as possible to avoid band 
broadening due to inhomogeneities in the packed bed and because of the different 
retention mechanism and different EOF generation which can therefore be involved. 
Therefore, a new inlet retaining frit consisting of the packed material is usually formed 
during the packing procedure and subsequently the initial frit is removed. However, in this 
work the original frit functions as the permanent inlet frit as the packing material and the frit 
material are of the same type, facilitating the column manufacturing process. Therefore, the 
retention and the EOF are expected not to be altered much by the inlet frit. Note, however, 
that the surface properties of the thermally treated material might differ somewhat from 
the untreated material. Nevertheless, it is critical to obtain the formation of a mechanically 
stable porous frits to allow subsequent packing. Various frit forming procedures have been 
described in Chapter III. In this work the high pressure and high temperature sintering 
strategy in water with diluted sodium silicate has been selected for this purpose. In this 
approach the permeability and mechanical stability can be controlled by altering the sodium 
silicate concentration. High concentrations increases the strength but causes a decrease in 
the permeability, while low concentrations improve the permeability but lead to frits which 
are not always able to withstand high packing pressures. Sintering with the heating filament 
provides a frit from 0.3-1.5 mm dependent on the sintering time and filament dimensions, as 
depicted in Figure V.3. 
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Figure V.3. Photograph of an empty fused-silica capillary (75 µm ID, 375 µm 
OD) (A) and a packed capillary (B), zoomed in (10X) on the sintered inlet frit (2 
mm) by an optical microscope. 
 
The sintering time was altered between 3 and 30 seconds, in order to optimize the frits in 
terms of thickness, mechanical stability and performance. The evaluation of the frits was 
performed by comparing the lifetime of the columns (with a 25 cm packed bed of 5 µm 
particles) and the efficiency of a well retained component, in this case cytosine. As 
demonstrated in Table V.1, sintering for 3 or 5 seconds resulted in unstable frits, prone to 
break at high pressures or under influence of the electrical field. 
The highest efficiency was obtained with sintering times for both the inlet and outlet frit of 
10 seconds, however at the cost of the column lifetime. Frits with good mechanical stability 
were only obtained when sintering during 15 seconds or longer. Satisfactory column 
efficiencies (18,800 plates) were thereby obtained, leading to column life times of at least 25 
runs. The use of longer sintering times (>20 seconds) resulted in mechanically stronger frits 
but also in reduced column performance. Inspection of the these frits by optical microscopy 
revealed multiple cracks in the frits and in the surrounding packing material, leading to band 
broadening effects.  
 
 
 
 
BA
frit
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Table V.1. The performance of the frits as a function of the sintering times 
Sintering time 
(s) 
Efficiency cytosine 
(plates) 
Lifetime (runs) 
3 / 0 
5 / 0 
10 18850 5 
15 18790 >25 
20 17158 >25 
25 14189 >25 
30 12450 >25 
* Analyses were performed on 25 cm packed bed columns (5 µm, 75 µm ID) 
Separation conditions and column dimensions are further specified in Figure V.4. 
 
During packing, a distinction is usually made between the slurry solvent and the packing 
solvent. The latter is the solvent in which the particles form a suspension after ultrasonic 
agitation. Methanol, isopropanol, acetone, water and mixtures thereof were investigated 
both as slurry and as packing solvents. Pure acetone proved to be the most suitable solvent 
to keep the native silica particles in a slurry but the packing speed with acetone prooved to 
be too high; resulting in a inhomogeneous packed beds and poor column performance. 
Water as slurry and packing solvent resulted in more performant columns but only with a 
very short packed bed (<10 cm) as the particles in the slurry settled down swiftly in the 
packing reservoir. An optimum column performance and packed bed length could be 
obtained with a mixture of acetone and water (65/35, v/v), which was used as slurry and 
packing solvent. The particles stayed in slurry for over 1.5 hours (without extra agitation) 
and the packing speed was sufficiently low to obtain a more homogeneous packed bed. The 
packing was performed as described in the experimental section. Subsequently, the packed 
capillary was rinsed with low concentrations of sodium silicate (0.4%) added to the water. As 
a consequence, the sodium content of the water was raised and sintering of the outlet frit 
was more easily achieved. Subsequent to the sintering of the outlet frit, the UV-window was 
formed 1 cm away of the outlet frit by thermolytic removal of the polyimide coating.  
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3.2 Evaluation of the packed columns 
The performance of the packed columns in HI-CEC was evaluated through the separation of 
toluene and four nucleobases: adenine, guanine, thymine and cytosine. The strong 
hydrophilic interactions of the nucleobases with polar stationary phases are ideal to evaluate 
the performance, however under very acidic or basic conditions these solutes will become 
ionized and the observed efficiency will be inevitably influenced by electrofocusing or 
electrodispersion phenomena. Therefore, the background electrolyte was buffered to a pH 
of 5.5 to achieve a separation of the neutral bases based only on chromatographic 
hydrophilic interaction. The analysis in CZE mode under the same conditions, presented in 
Figure V.4A, resulting in five co-eluting compounds at the EOF time, corroborates the alleged 
neutrality of these compounds.  
A separation of the test mixture on a 25 cm packed bed with 5 µm particles is illustrated in 
Figure V.4B. The corresponding retention factors were 0.32, 2.1, 2.45, and 2.73 and the RSD 
%’s for the run-to-run repeatability varied from 0.4 to 1.57% and from 0.87 to 2.4%, for the 
retention times and the peak areas, respectively. It can be seen that satisfactory retention 
can be obtained in pure HI-CEC even with relatively large aqueous content in the mobile 
phase (10%). This illustrates that the applicability range of HI-CEC is probably larger than 
currently recognized. As the application of smaller particle diameters in CEC is appealing to 
enhance the efficiency and the performance of the columns, the performance of a 25 cm 
packed capillary with 3 µm particles was investigated with the same test mixture as is 
illustrated in Figure V.4C.  
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Figure V.4. Electropherogram (A) and electrochromatograms (B-C) of the separation of toluene (1), 
thymine (2), adenine (3), guanine (4) en cytosine (5) on an empty capillary with an effective length 
of 25 cm (A) and capillaries (75 µm ID, 25 cm effective length) packed with 5 µm (A) and 3 µm (B) 
particles. The mobile phase consisted of a 90/10 mixture ACN and ammonium acetate (50 mM, pH 
5.5). Injection was done by applying 8 kV for 4 seconds and separation was performed at 30 kV. 
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A visual comparison between the two chromatograms reveals some discrepancies between 
the elution times of the solutes. A higher EOF (1.4 mm/s versus 1.15 mm/s) is obtained for 
the column packed with 3 µm particles. However, the retention of the nucleobases is quite 
similar on both capillaries. Apparently, the column packed with the 3 µm particles 
demonstrates slightly lower retention compared to the 5 µm particle packed bed (except for 
thymine), as illustrated in Table V.2. The difference in EOF velocity and retention can be 
related to subtle differences in packing density of the columns, but also to inherent 
differences between the two types of silica in terms of available surface area.  
 
Table V.2. Efficiency and retention of the nucleobases on a 25 cm packed column under the 
experimental conditions provided in Figure V.4. 
Compound 
5 µm packed bed 3 µm packed bed 
N k N k 
Toluene 17582 / 20059 / 
thymine 16425 0.32 21888 0.35 
adenine 15379 2.08 21137 1.95 
guanine 17351 2.45 24219 2.38 
cytosine 18791 2.73 26972 2.65 
 
The improved column efficiency obtained when using the smaller 3 µm particles can be 
observed in Figure V.4 and Table V.2. The maximum achievable efficiency of these capillaries 
in HI-CEC is demonstrated by their corresponding Van Deemter curves, as depicted in Figure 
V.5A and B. The minimum reachable plate heights for the 5 and 3 µm particle packed 
capillaries are 9.7 and 6.6 µm, respectively and are both obtained at a mobile-phase velocity 
of 0.7 mm/s. This corresponds with an efficiency of 25,780 and 37,500 plates, respectively. 
These plate heights are obtained for cytosine, the most retained solute, while the van 
Deemter curves of adenine depicts a significantly higher minimum (11 and 9.8 µm). 
Furthermore, the absolute value of the C-term is almost as high as the value of the B-term. 
For example, the van Deemter curve of cytosine allows calculation of the A, B, and C terms 
corresponding to 0.12, 6.4 and 5.7, respectively. As expected a rather low A value is obtained 
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as the mobile phase in CEC follows a less tortuous path. Note that the peak widths of the 
nucleobases are decreasing with increasing retentions, indicating that to some extent 
electromigration could be occurring next to the chromatographic separation. Alternatively, 
this could also be related to injection phenomena, which are typically affecting the early 
eluting signal to a longer extend. 
 
  
Figure V.5. The H versus u plots for adenine (red squares) and cytosine (green dots) analyzed on a 
capillary (effective length: 25 cm) packed with 5 µm particles (A) and 3 µm particles (B). 
 
Comparison of the two plate height minima reveals the expected difference in the 
performance of the two columns. In pressure-driven chromatography, a plate height 
minimum of twice the particle diameter (H= 2*dp) is expected at the optimum flow velocity 
when using fully porous particles. In CEC lower plate heights are in principle expected 
according to the conventional rationale. The results observed here and in the work outlined 
in Chapter IV, dealing with the evaluation of the performance of CEC in the reversed-phase 
mode with commercial columns, however, increasingly show that the true column 
performance of packed capillaries, when evaluated with neutral and well retained solutes, is 
not exceeding what is achievable in HPLC [27]. It is worthwhile stressing that much of the 
CEC literature is blurring these observations by either presenting results obtained with 
insufficiently retained or even charged solutes. The reason for the higher than expected 
plate heights in CEC can be related to a number of issues such as the occurrence of peak 
broadening injection phenomena, packing density and homogeneity issues and due to the 
0 0.5 1.0 1.5
6
9
12
15
18
5 µm
A B
0.0 0.5 1.0 1.5
6
9
12
15
18
3 µm
uEOF (mm/s)uEOF (mm/s)
H
 (
µ
m
)
H
 (
µ
m
)
Possibilities and limitations of hydrophilic capillary electrochromatography on native silica 
packed columns 
   
 
129 
 
occurrence of residual Joule heating phenomena. The reduced plate heights of 1.94 and 2.2 
for the 5 and 3 µm particle based column, respectively, demonstrate that a somewhat more 
efficient packing is obtained when 5 µm particles are applied. This is most probably to the 
more challenging packing of smaller particles as the composition of the packing solvent also 
needed to be altered to 90% acetone and 10% water to obtain a packed bed of 3 µm 
particles with sufficient length. This as the length of the capillaries is limited by the 
generated back pressure during the packing process. The change in composition results in a 
higher packing speed in the first section of the packed bed (and hence to a less 
homogeneous bed), while the packing speed lowers quickly as the bed grows. Nevertheless, 
the capillaries packed with the 3 µm particles are more efficient compared to the 5 µm 
particles and are therefore more interesting in terms of applications. The higher 
performance is also illustrated in Figure V.6, where the corresponding kinetic plots are 
depicted for both capillaries [27]. These curves show that 3 µm particles always surpass the 
5 µm particles in terms of maximum achievable plates and in speed of analysis to achieve a 
certain efficiency.  
 
 
Figure V.6. The kinetic plots obtained for adenine (red squares) and cytosine (green dots) on 
capillaries packed with 5 µm (full line) and 3 µm particles (dotted line), respectively. The 
experimental values measured on a 75 cm packed column (5 µm particles) are marked by a 
red (adenine) and green (cytosine) triangle. 
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These kinetic plots demonstrate, for example, that a maximum efficiency of 110,000 plates 
can be reached for cytosine after an analysis of 2.5 hours (on a 1 meter column). The same 
analysis on a capillary packed with 5 µm particles would only reach an efficiency of 87,000 
plates. On the other hand, an efficiency of 10,000 plates can be reached after 3 and 4.2 
minutes for a capillary packed with 3 µm and 5 µm particles, respectively. Although, the 
kinetic plot is merely a simulation, the potential thereof was demonstrated by performing 
the same analysis on a 75 cm packed bed capillary (containing 5 µm particles). The resulting 
values are plotted in the kinetic plots and demonstrate that the measured values are close to 
the expected value and therefore corroborate the utility of the kinetic plots as a 
measurement of performance. More specifically, efficiencies of 47,100 and 64,700 plates 
were obtained for adenine and cytosine while theoretical efficiencies of 49,200 and 66,900 
plates were expected, respectively.  
Note that the use of smaller particles in liquid chromatography enables faster separations 
(for a given efficiency) but that the maximum achievable efficiency is thereby lower 
compared to larger particles as the maximum length of columns is then restricted by the 
backpressure. This effect has been described in Chapter I and is illustrated in Figure I.3, and 
reveals once more that the independence of the generated flow and the particle diameter in 
CEC is beneficial. 
In CEC, the column is certainly the heart of the chromatographic system as it is responsible 
for the separation and the generation of the mobile-phase flow (EOF). However, also and 
especially in CEC the characteristics of the mobile phase influence the EOF velocity. The 
variation of the EOF versus the acetonitrile content is for example illustrated in Figure V.7A. 
The EOF mobility was thereby determined from the elution time of toluene, which is not 
retained in the HI-CEC mode. In these experiments, the total ionic strength in the mobile 
phase was kept constant (10 mM ammonium acetate), as was the pH, while the acetonitrile 
content was varied from 20 to 95%. An increase in EOF velocity (varying from 1.1 to 1.8 
mm/s) of 60% was thereby observed corresponding with an increase in acetonitrile content 
from 20 to 95%. Similar results were observed in RP-CEC and in monolithic HI-CEC [8,28,29]. 
Note that the increase in velocity is linear, which has not always been the case in previous 
reports as this depends on the applied experimental conditions (ionic strength and pH 
should remain the same).  
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Figure V.7. Effect of the organic modifier content on the EOF velocity (A) and on the retention 
factor (B) of adenine (red), cytosine (green) and thymine (blue). All other analysis conditions are 
the same as specified in Figure V.4. 
 
The previous reports on native silica based packed column CEC with organic buffers 
demonstrated that the retention mechanism was a complex mixture of ion-exchange 
chromatography, hydrophilic interaction chromatography, electromigration and even some 
reversed-phase chromatography [7,8]. However, these reports were focused on the 
separation of basic drugs and therefore their test mixture was not representative for the 
true performance of HI-CEC with native silica. In order to investigate the retention behavior 
of the neutral solutes, the acetonitrile-buffer ratio was therefore also varied while 
maintaining a constant pH and ionic strength. The effect of the organic modifier content in 
the buffer on the retention of the nucleotide bases is depicted in Figure V.7B. 
In contrast to reversed-phase CEC, an increase in acetonitrile content results in a linear 
increase in retention, confirming the hydrophilic interaction based retention mechanism. For 
example, the retention factor of cytosine decreases from 2.3 to 1 when the strong eluting 
solvent content ( the aqueous buffer) in the mobile phase was increased from 5 to 20%. At 
lower percentages of acetonitrile (and hence at higher levels of the strong eluting solvent) 
overlap and co-elution of the solutes occurred. The results show that the resolution and the 
retention factor is increasing with a decreasing amount of aqueous buffer in the mobile 
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phase and therefore it can be concluded that the separation mechanism is based only on the 
hydrophilic interaction retention mechanisms. The achievable increase in resolution with 
decreasing levels of aqueous buffers is also demonstrated in Figure V.8, where Triton X-100 
is analyzed in the isocratic mode with a mobile phase containing different percentages of 
aqueous buffer. 
 
 
Figure V.8. The separation of Triton-X 100 on a 25 cm particle packed bed with a mobile phase 
consisting of acetonitrile and 5% (A), 4% (B) and 3% (C) of 100 mM ammonium acetate (pH 5.5) 
added. Injection was done electrokinetically by applying 5 kV during 8 seconds and the separations 
were performed at 30 kV. 
Triton X-100 is a nonionic detergent composed of hydrophobic 4-phenyl groups coupled to 
polyethylene oxide functions. The retention in the HI-CEC mode is a consequence of the 
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interaction between ethylene oxide group and the polar stationary phase. The solute 
becomes more polar with longer polyethylene oxide groups, explaining why the short chain 
polymers elute first compared to the larger structures. It can be seen that the retention 
increases significantly at lower levels of aqueous buffer. This improves to some extent the 
separation of the less retained solutes. At 10% aqueous buffer all solutes were co-eluting 
(data not shown).  
Figure V.9 also depicts the high retention which can be obtained for polar compounds in 
packed column HI-CEC. A mixture of toluene and three nitro-derivates is thereby separated. 
This type of nitroaromatic compounds is interesting to separate in the HI-CEC mode as these 
molecules are both neutral and polar and therefore allow to investigate the retention 
behavior and peak broadening only caused by chromatographic processes. Furthermore, the 
development of a separation method for nitro-derivates and their isomers is appealing as a 
possible orthogonal methodology to existing HPLC methods for the analysis of explosive 
residues. 
 
 
Figure V.9. Separation of toluene (1), 3-nitro-phenol (2), 4-nitro-phenol (3), 2,4 dinitro-toluene on a 
25 cm packed bed (5 µm particles) with a mobile phase consisting of 5% 100 mM ammonium 
acetate (pH 5.5) added to acetonitrile. Injection: 8 kV for 4 seconds. Separation was performed at 
30 kV. 
As the polar nitro-group of the solute interacts strongly with the stationary phase, this 
explains the higher retention factor (k=2.4) measured for the dinitro-derivate compared to 
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the mono nitro-substituted derivates (k=0.07 and 0.2). This separation demonstrates once 
again that the separation mechanism is solely based on hydrophilic interaction of the solutes 
with the stationary phase. The strength of the HI-CEC separation mechanism is 
demonstrated by the successful baseline separation of the two isomers. Note the occurrence 
of significant band broadening for the most retained solute. Apparently, dinitro-component 
interacts in a stronger manner with the stationary phases, resulting in a lower efficiency. This 
illustrates that the efficiency of more retained components in HI-CEC should be further 
investigated. 
Finally, the importance and possible relevance of HI-CEC was demonstrated by the analysis 
of a number of representative genotoxic impurities encountered in pharmaceutical drug 
synthesis. Genotoxic impurities can be introduced into pharmaceutical formulations during 
the synthesis of an active pharmaceutical ingredient (API), either as a starting material or as 
a by-product, or they can be formed by degradation of the API or of other components of 
the formulation. These impurities can damage genetic information in the cells and therefore 
cause mutations. Consequently, the control, detection and analysis of these impurities in 
drugs is important in the pharmaceutical industry [30]. The potential of HI-CEC with native 
silica is illustrated by Figure V.10, which depicts the analysis of a mixture of pharmaceuticals 
and some typical genotoxic alerting solutes.  
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Figure V.10. The analysis of toluene (1), naphtylamine (2), aniline (3), 5-aminoindol (4), 2-amino-
pyridine (5), 3-amino-pyridine (6), nortryptiline (7), 5-amino-2-methylpyridine (8),dipenhydramine 
(9). Mobile-phase composition 50 mM ammonium acetate pH 5.5 with 97.5% ACN. The separation 
was performed on a 75 µm ID capillary with a 25 cm packed bed (5 µm particles) and with an 
applied voltage of 30 kV. 
 
Toluene and 7 solutes could be successfully separated in a time span of 12.5 minutes. The 
poorly retained solutes (1-4) exhibit a satisfactory gaussian peak shape, but were not 
baseline separated. On the other hand, band broadening effects and some degree of peak 
tailing can be observed for the more retained components (5-9). Note, however, that solutes 
5,6 and 8 are ionized at a pH of 5.5 and therefore injection phenomena related to 
electrodispersion can introduce band broadening effects, as explained in Chapter II. The 
limited efficiency of the more retained solutes can be explained by the research completed 
in Chapter IV, which indicates that Joule heating still occurs in capillaries with 75 µm ID. 
Therefore, better control of Joule heating and analyses at lower temperature could be 
beneficial for the column performance. However, this would, inevitably, influence the 
retention mechanism. The implementation of a gradient run where the water content 
increases as a function of time would allow an expedited analysis and would decrease the 
peak width artificially. However, the application of a mobile-phase gradient run is still not 
possible with the current state-of-the-art CEC instrumentation.   
Note also that the retention of the ionized solutes is a result of hydrophilic interaction with 
the stationary phase and of electrophoresis. All solutes could be separated to some extent, 
except solute 7 and 8 which were co-eluting under these isocratic conditions. Compared to 
HPLC literature, the retention factors and elution order of the solutes are changed [31]. For 
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example, in the HILIC experiment 2-aminopyridine and 3-aminopyridine are co-eluting with a 
retention factor of 0.66, while in the HI-CEC experiment these solutes are separated with 
retention factors of 1.27 and 1.87, respectively as shown in Table V.3. 
 
Table V.3. Comparison of the retention of polar pharmaceutical solutes in HILIC and HI-CEC 
separations 
                       Compound k HILIC  
[31] 
k HI-CEC 
1 toluene 0 0 
2 naphtylamine 0.07 0.07 
3 aniline 0.14 0.13 
4 5-aminoindol 0.21 0.25 
5 2-aminopyridine 0.66 1.27 
6 3-aminopyridine 0.66 1.87 
7 nortryptiline 2.41 2.70 
8 5-amino-2-methyl-pyridine 1.48 2.70 
9 dipenhydramine 2.69 2.82 
 
Furthermore, the retention of 5-amino-2-methyl-pyridine in HI-CEC is remarkably higher 
with a retention factor 2.70 (compared to 1.48 in HILIC). The different behavior of these 
pyridine-derivates can be explained by their basic nature. At a pH of 5.5, such a solute will be 
positively ionized and therefore electrophoresis should expedite its elution time. However, 
the ionized pyridine derivates are also more polar, resulting in an increased hydrophilic 
interaction with the stationary phase. Furthermore, the occurrence of an ion-exchange 
mechanism between the negatively ionized silanol groups and the pyridine groups can also 
influence the retention behavior.  
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4 Conclusions 
This chapter describes the packing of capillaries with bare silica particles with various 
diameters and the evaluation of these packed capillaries with a neutral test mixture. It 
revealed that the packing efficiency of slurry packed capillaries decreases with the particle 
diameter. The performance of the capillaries was evaluated by developing the corresponding 
kinetic plots, demonstrating that smaller particle diameters are still preferable, despite of 
the lower packing efficiency. Furthermore, the influence of the organic modifier content on 
the retention of the solutes and on the EOF velocity was investigated. It was shown that the 
retention of neutral polar solutes is caused by only hydrophilic interaction of the solutes 
with the stationary phase. The promising efficiency and potential of the optimized and 
characterized capillaries was finally demonstrated by the analyses of a mixture of nitro-
derivates and of a mixture of genotoxic impurities. 
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Chapter 6 
Poly(styrene-divinylbenzene-vinylsulfonic acid) as retentive 
and electroosmotic flow generating phase in open-tubular 
CEC 
In this work, a new sulfonated polystyrene based porous layer was synthesized on the wall of 
a capillary by a single step in situ polymerization process. To obtain a capillary suited for 
electrochromatography, vinylsulfonic acid (VSA) was, next to divinylbenzene (DVB), 
copolymerized to induce charges for the electroosmotic flow (EOF) generation. The VSA ratio 
in the monomer mixture and the polymerization time were optimized while the 
chromatographic characteristics of the obtained open tubular columns were investigated in 
electrochromatography. To allow unambiguous study of only chromatographic processes, 
evaluations were performed with a mixture of sufficiently retained and electrophoretically 
neutral parabens. Comparison of SEM pictures and chromatograms revealed that the 
polymerization time had a great influence on the polymer layer morphology and on the 
chromatographic performance. An increase in the VSA ratio, led to an increase in the mobile-
phase velocity but simultaneously lowered paraben retention. Minimal plate heights of 10 
µm, equivalent to the capillary internal diameter, were obtained. The open-tubular character 
of this optimized porous layer column allowed successful analyses at elevated temperature, 
resulting in a maximum efficiency of 85,500 plates for a 75 cm capillary and linear velocities 
up to 1.4 mm/s. Finally, a thermal gradient was successfully applied, leading to artificial 
sharpened peaks with a peak capacity of 55 in a 20 minutes time span.  
 
 
Published as De Smet S, Lynen F, Investigation of poly(styrene-divinylbenzene-vinylsulfonic acid) as 
retentive and electroosmotic flow generating phase in open-tubular electrochromatography, Journal 
of Chromatography A, 1404 (2015), 81-88. 
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1 Introduction  
As described previously, a great variety of column types have already been applied in CEC, 
which can mainly be divided in three formats. Whereas the vast majority of research has 
been done on the packed bed format, followed closely by the monolithic type, comparatively 
little research has been performed on the open-tubular format.   
The achievable high efficiency in CEC has extensively been demonstrated for packed 
capillaries [1-4]. However, packed-column CEC is hindered by some significant practical 
problems such as the fabrication of the frits and by the difficulty to pack micrometer sized 
particles in the narrow-bore capillaries in a homogeneous way. Moreover, the classical 
packing materials consist of silica particles which are functionalized. Therefore, it can often 
be difficult to separate basic compounds due to the presence of silanol groups, needed to 
generate an adequate EOF.  
An alternative to the classical silica particles can be the use of organic polymeric stationary 
phases. These stationary phases have been extensively investigated in monolithic capillaries. 
These are prepared by the in-situ polymerization of organic precursors in the presence of a 
porogen and are covalently linked to the silanized wall. There is no need for retaining frits, 
narrow columns (20-100 µm) can be prepared and no gaseous bubbles will be formed during 
analysis (hence there is no need for pressurization during analysis) [5-9].   
The organic porous monoliths in CEC are typically based on acrylamide, methacrylate and 
styrene polymers, whereas research has mostly been focused on methacrylate based 
monoliths [7,10,11]. However, polystyrene monoliths have been successfully applied for 
highly efficient separations of biomolecules in HPLC. These monoliths are chemically stable 
under a wide pH range and the morphology can be adjusted by the copolymerization of 
other monomers and the selection of the proper porogenic solvent [12-14]. Despite their use 
in HPLC, the research on the use of polystyrene monoliths (and stationary phases in general) 
in CEC is still fairly limited. Horvath et al. investigated the potential of bimodal CEC monoliths 
for the analyses of peptides and proteins [15]. Jin et al. and Xiong et al. applied a one-step 
polymerization with methacrylic acid as EOF generating comonomer to obtain a negatively-
charged polystyrene monolith [16,17]. They obtained efficient separations on a 20 cm 
column of aromatic compounds and biomolecules with respectively 28,000 and 18,000 
plates. However, the efficiency of highly retained small and uncharged organic compounds (k 
Poly(styrene-divinylbenzene-vinylsulfonic acid) as retentive and electroosmotic flow 
generating phase in open-tubular CEC 
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> 1.5) was not investigated. Furthermore, methacrylic acid only allows for an adequate EOF 
at pH 7 or higher. To achieve generation of EOF at lower pH's Huang et al. changed the 
charge bearing monomer to the strong acids vinyl sulfonic acid (VSA) and vinyl benzene 
sulfonic acid (VBSA). Separation of parabens and acidic compounds at a wide pH range (3-8) 
were obtained and after optimizing the polymerization conditions, a maximum efficiency of 
8,800 (VSA) and 16,400 plates (VBSA) for 20 cm columns (effective length) was observed 
[18,19]. The porosity of the monoliths can be controlled by changing the porogen or the 
composition of the monomer mixture. Various approaches have been described to 
characterize the monolith porosity [20].  
However, as described in Chapter IV and V, monolithic capillaries are often less efficient 
compared to packed particle columns and the column to column reproducibility is often 
poor. The lower encountered efficiencies can be associated with wall effects caused by the 
shrinkage of the polymer network during the curing step of the monolith. On the other hand, 
it has been demonstrated that open-tubular chromatography can be a viable and possible 
alternative for the packed and monolithic format. Unlike the packed and monolithic column 
types, the performance of open- tubular capillaries is directly linked to the internal diameter 
of the capillary. Small internal diameters are required to facilitate efficient solute diffusion 
into the stationary phase [21]. More narrow capillaries provide higher efficiency and a higher 
concentration of an on-column loaded sample [22]. Last but not least, the Joule heating in 
open-tubular columns will be non-existent or limited due to the small internal diameters 
involved (5-20 µm). The latter might allow the effective use of temperature gradients in CEC 
and could solve the two-decade long problem of gradient analysis in CEC without major 
modification of the commercial instrumentation. However, the loading capacity and 
retention of many OT-LC (and CEC) capillaries is limited due to the high phase ratio (β= 
Vm/Vs, whereby Vm and Vs correspond to the volume of mobile and stationary phase, 
respectively). A porous layer of polymer, attached to wall, will increase the surface area and 
therefore enhance the loadability of the stationary phase. The group of Karger developed a 
strategy to form a porous open-tubular crosslinked polystyrene layer, attached to the wall 
[23,24]. The layer was prepared by filling a pretreated capillary (to functionalize the wall) 
with a mixture of the monomers and ethanol as solvent. The polymerization will thereby 
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preferentially take place at the non-polar wall instead of in the polar solvent, resulting in the 
formation of a porous polymer layer at the capillary wall with a vacant center. The 
proportion of monomer mixture and solvent was critical to achieve a layer at the wall 
instead of a monolith. The high performance of these capillaries in HPLC was attested by 
several proteomic analyses resulting in peak capacities of 400 and whole protein analyses . 
Subsequently, the same group produced an open-tubular HILIC mode capillary by the 
polymerization of divinylbenzene and vinylbenzylchloride, followed by modification of the 
polymer wall with ethylenediamine as functional group [26].   
Regardless of reported highly efficient analyses of biomolecules obtained by open-tubular 
polystyrene capillaries in nano-LC, there are very few reports on the use of open-tubular 
polystyrene based capillaries in CEC (to the best of our knowledge). Huang et al. applied a 
styrenic stationary phase in 20 µm ID capillaries, modified with quaternary ammonium 
groups as charge bearing moieties and dodecyl chains as retention sites [27]. Separation of 
four proteins with a counter-directional electro-osmotic flow (due to the presence of the 
basic ammonium groups) was obtained in this way. However, the potential of polystyrene 
based stationary phases is often described through the separations of large biomolecules, 
while a lower performance is obtained for the separation of small organic molecules. 
Therefore, an intriguing challenge presents itself in the manufacturing of open-tubular highly 
performant styrenic capillaries with an acidic EOF generating moiety incorporated. The 
emphasis in this chapter was set on the preparation of such an open-tubular capillary by a 
single step polymerization. VSA was added as pH independent EOF generating component to 
a monomer mixture of styrene and divinylbenzene. To the best of the authors' knowledge, it 
is the first time that VSA was used as comonomer in a styrene-based open-tubular CEC 
column. Therefore the fundamental performance of this type of column is evaluated in detail 
only with small, retained, organic and neutral molecules. This at it allows disconnection of 
the chromatographic performance from electrophoretic phenomena in an unambiguous 
way. The influence of changes in the polymerization time, monomer composition and effect 
of elevated analysis temperatures are evaluated to optimize the synthesis and analytical 
conditions.  
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2. Experimental 
2.1 Reagents and materials 
Fused-silica capillaries (10 µm ID) were purchased from CMscientific (Silsden, United 
Kingdom). Milli-Q water was prepared in house by purification and deionization of tap water 
in a Milli-Q plus water instrument from Millipore (Bedford, New Hampshire, USA). Acetic 
acid, acetonitrile, toluene, dichloromethane, ethanol (EtOH) and ammonium acetate of HPLC 
quality originated from Biosolve (Valkenswaard, Netherlands). Styrene, divinylbenzene, 
vinylsulfonic acid, trimethoxy silyl propyl methacrylate, azobisisobutyronitrile (AIBN) and all 
test compounds were obtained from Sigma-Aldrich (Bornem, Belgium). Stock solutions of all 
compounds were prepared at 10.000 µg/mL in water or ACN, dependent on their solubility, 
and diluted to 125 µg/mL (in the same solvent composition as the mobile phase) prior to 
analysis. 
2.2 Preparation of PLOT Column  
The capillaries were prepared as described by Yue et al. with the adaptation that vinyl 
sulfonic acid is added to the polymerization mixture [23]. Fused-silica capillaries with 10 µm 
I.D. and a length of 1.5 meter were rinsed for 3 hours with 1 M NaOH at 25 bar, washed with 
water and MeOH and finally dried under N2 for 1 h to remove residual water and methanol. 
The 10 µm ID pretreated capillary was filled with a freshly prepared solution of 15% 3-
(trimethoxysilyl) propyl methacrylate (v/v) in toluene. The capillary was sealed at both ends 
and placed in the oven at 120°C for 10 hours. Subsequently the capillary was washed with 
acetonitrile and dried with nitrogen at 25 bar. Inhibitors present in styrene and 
divinylbenzene were removed by flushing the liquids through a basic alumina column. The 
monomer mixture, containing styrene, divinylbenzene and vinyl sulfonic acid, was dissolved 
in ethanol (40/60 v/v). AIBN (25 mg) was added as initiator to 10 ml of the polymerization 
mixture. The solution was degassed by ultrasonication for 15 minutes and subsequently 
introduced in the capillary. Both ends were sealed and the capillary was placed in the oven 
at 75°C during 15 -120 minutes. The column was rinsed with acetonitrile during 30 minutes 
to elute un-bounded polymer and subsequently conditioned with the mobile phase at 25 bar 
during 1 h. A 25 cm part was cut from both capillary ends resulting in a capillary with a total 
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length of 1 meter. Prior to analysis, the open-tubular poly (styrene-divinylbenzene-
vinylsulfonic acid) (PSDVB-VSA) capillaries were cut at desired lengths (33.5 -82.5 cm). 
2.3 Chromatographic conditions for CEC 
The 7100 CE system (Agilent Technologies, Waldbronn, Germany) used in this work includes 
an air-cooled thermostat, autosampler, diode array detector and a built-in system to 
pressurize vials. The mobile phase was filtered with syringe filters (Grace, 0.45 µm PVDF 
filters). Injections were performed electrokinetically or hydrodynamically. An alignment 
interface for standard capillaries of 25 µm ID was used. A stock solution of ammonium 
acetate was prepared by adding acetic acid until a solution with the desired pH was 
obtained. The mobile phase was prepared by adding the required volume of the stock 
solution to ACN. Consequently, the mobile phase was degassed in an ultrasonic bath for 10 
minutes prior to analysis. Analysis temperatures were always maintained isothermal at 25°C, 
40°C or 60°C, respectively. Furthermore, a temperature gradient was applied by increasing 
the set air temperature. The gradient was kept isothermal for 1 minute at 25°C, 
subsequently the temperature was raised to 60°C with a 2°C/minute rate, and kept at this 
temperature during 12.5 minutes. Detection was performed at 214 and 254 nm and all 
obtained data was processed with the Chemstation B.04.03 software. New columns were 
conditioned by increasing the voltage in a stepwise way to 30 kV in a 120 minute time span. 
If not specified otherwise, all shown analyses were obtained at 25°C with a mobile phase 
consisting of 25 mM ammonium acetate mixed with acetonitrile to a 70/30 ratio and run at 
an operating voltage of 30 kV. The effective capillary length was 25 cm with a total length of 
33.5 cm. 
3. Results and Discussion 
Ideally, open-tubular columns applied in liquid chromatography should have an internal 
diameter of 1-2 µm to obtain comparative and even higher efficiencies as in gas 
chromatography [21]. However, this work was still performed on 10 µm capillaries due to 
practical considerations (on-column detection, easy clogging during film preparation). The 
preparation of the polymeric film was reminiscent of PLOT column based work by the group 
of Karger with some important adaptations [23]. To obtain sufficient EOF in CEC, an ionizable 
moiety should be present in the stationary phase. Therefore, a charge bearing monomer 
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should be copolymerized in the polystyrene-divinylbenzene polymer. As the altered 
polymerization conditions of this novel approach inevitably influence the morphology and 
the physical characteristics of the porous polymer layer, these aspects needed to be 
investigated and optimized. The initial polymerization mixture consisted of a monomer 
mixture of styrene, divinylbenzene and vinyl sulfonic acid (S/DVB/VSA 1/1/1 v/v) dissolved in 
ethanol (40/60 v/v). As the initially employed long polymerization times of 16 hours and 
more resulted in clogged capillaries, this was reduced by more than one order of magnitude 
to allow the generation of open-tubular capillaries. The polymerization process of the porous 
layer on the inner lining of the capillary was assessed by scanning electron microscopy 
(Figure VI.1A-C) and the corresponding electrochromatographic performance was 
investigated by the separation of thiourea (as EOF marker) and four parabens, as depicted in 
Figure VI.2. The choice of parabens as representative test mixture relies on their 
electrophoretic neutrality at all applied pH's (3-8) to allow unambiguous occurrence of only 
chromatographic processes (and not electrophoresis) in all experiments. The small solutes 
were also selected (and not bio-macromolecules) as they partition between the two phases 
and are thereby effectively absorbed in the polymeric matrix. The latter allows more 
fundamental chromatographic insight but also leads to peak broadening due to the slower 
mass transfer and suboptimal performance at room temperature, as was observed in packed 
column HPLC before [28].  
During polymerization the polymer forms spherical shapes, covering the entire wall. The 
hydrophilic solvent (EtOH) in the center of the capillary tube forces the polymerization to 
start at the hydrophobically derivatized wall, as the polystyrene polymer is also hydrophobic 
from nature. As polymerization starts at several points in the capillary next to each other, 
this results after a time in the formation of a thin porous layer of polymer. Note that this 
process is analogous to the OTLC column manufactured by Karger et al. with the exception 
that the VSA was thereby absent [23]. 
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Figure VI.1. SEM micrographs of polystyrene based open-tubular layers in 10 µm capillaries after a 
polymerization time of 15 (Figure 1A), 30 (Figure 1B) and 60 (Figure 1C) minutes. 
 
However, after 15 minutes (Figure VI.1A), the growth of the spherical polymer globes is not 
yet sufficient to cover the entire wall with a relatively uniform layer. In this early stage, the 
polymer particulates have radii ranging from 40 to 250 nm. The absence of uniformity and 
the broad size distribution are also reflected in the analysis of thiourea and the parabens on 
the resulting column (Figure VI.2A). Although the compounds are distinctively separated, the 
peak shape is poor and the efficiency is neglectable due to the extensive tailing of the 
retained components. This can be explained by the discontinuous stationary phase and the 
broad size distribution of the spherical shapes on the wall. After 30 minutes, the globular 
polymer nodules increase in thickness and are linked together, covering the entire wall, as 
illustrated in Figure VI.1B. The polymer particulates have now grown to a thickness between 
400 and 600 nm. Each nodule is surrounded and bordered by other polymer globes and 
hence, a wall covering layer of porous polymer is formed. The higher uniformity of the 
stationary phase layer is reflected in the chromatograms in Figure VI.2B. Improved peak 
shapes and increased retention are thereby observed. For example, the retention factor of 
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butylparaben of the 15 minutes and the 30 minutes polymerized capillary increased from 
1.23 to 1.78, respectively. However, more retained compounds (k⩾2) are tailing somewhat, 
resulting in a maximum efficiency of 4,000 plates for butylparaben. On the other hand, a 
longer polymerization time (1 hour and more) resulted in a thicker layer of maximum 950 
nm, but with a broad size distribution (smallest polymer globes are 300 nm), as some 
polymer globes are limited in their growth by sterical hindrance (Figure VI.1C). Therefore, 
there is slightly more retention at the long polymerization time but the broader size 
distribution lowers somewhat the efficiency compared to the optimum polymerization time 
of 30 minutes and in addition more peak tailing is thereby observed (Figure VI.2C).  
 
 
Figure VI.2. Effect of the polymerization time on the chromatographic characteristics. The 
monomer mixture contained styrene/divinylbenzene/ vinyl sulfonic acid (1/1/1 v/v) in a 40/60 v/v 
ratio to the solvent (ethanol). The total effective length of the capillary was 50 cm, all other 
analysis parameters were the same as described in the experimental section. A separation of 
thiourea (1), methyl- (2), ethyl- (3), propyl- (4) and butylparaben (5) was obtained. 
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It can be concluded that the presence of vinyl sulfonic acid in the polymer did not alter the 
reversed phase separation mechanism and that also a thin film can be produced by this 
modified polymerization protocol. The presence of VSA in this work is of high importance as 
this copolymer is responsible for the generation of the EOF.   
The presence of a higher amount of VSA groups in the polymer should generate a higher EOF 
and expedite the analyses. Therefore, the influence of the VSA concentration in the 
monomer composition on the chromatographic properties was evaluated. Consequently, a 
series of four open-tubular capillaries were prepared in which the ratio of S/DVB/VSA was 
altered in the range of 1/1/0.5 to 1/1/2 while the ratio between the monomer mixture and 
the solvent (40/60) was maintained. Clearly, the presence of increasing amounts of VSA as 
comonomer decreased the hydrophobicity of the crosslinked polystyrene layer while 
coinciding also with lower retention factors of the parabens (Table VI.1).  
 
Table VI.1. The influence of the VSA ratio on the efficiency and retention factor. The monomer 
ratios are expressed as the relative v/v amounts of styrene, divinylbenzene and sulfonic acid, 
respectively. 
 Efficiency N (plates) Retention factor (k or kapp) 
S/DVB/VSA 1/1/0.5 1/1/1 1/1/2 1/1/0.5 1/1/1 1/1/2 
methylparaben 24118 26922 27415 0.25 0.22 0.18 
ethylparaben 20018 22169 24879 0.40 0.35 0.31 
propylparaben 5106 5776 7823 0.80 0.73 0.68 
butylparaben 3483 4053 4976 2.00 1.78 1.43 
 
For example, the retention factor of butylparaben decreases from 2 to 1.43 for the 
capillaries treated with S/DVB/VSA ratios of 1/1/0.5 and 1/1/2, respectively. In addition, the 
EOF velocity increases from 0.70 mm/s to 1.09 mm/s, respectively, as depicted in Figure VI.3. 
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Furthermore, a favorable effect on efficiency and peak shape of the parabens can be noticed 
if higher VSA ratios are applied in the monomer mixture. For example, the efficiency of 
methylparaben increases from 24118 to 27415 when comparing the capillary with the 
lowest and the highest applied VSA ratio in the monomer mixture, respectively, while the 
retention factor (k) for the same compound decreases from 0.25 to 0.18, as depicted in 
Table VI.1. These effects can be partially explained by the lower retention factor of the 
compounds but also by the different morphology of the porous polymer layer. A maximum 
increase of the VSA ratio by a factor 4 resulted in only a 80% percent increase of the mobile-
phase velocity, suggesting that the amount of copolymerized VSA groups was not directly 
proportionate with the increase in the VSA ratio. Due to the possibilities to perform faster 
and more efficient analyses, the optimized monomer mixture with a S/DVB/VSA ratio of 
1/1/2 was used for further research.  
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Figure VI.3. The effect of the VSA ratio in the monomer mixture on the chromatographic 
characteristics. Three different ratios of S/DVB/VSA were tested: 1/1/0.5 (A), 1/1/1 (B) and 1/1/2 
(C). Analysis parameters were the same as described in the experimental section. The type of 
compounds, the elution order and the column dimensions remained the same as in Figure VI.2. 
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Upon further increasing VSA ratios (larger than 2.5) the polymerization started at every point 
across the capillary, resulting in a clogged capillary or in the best case a monolithic capillary 
rather than an open-tubular capillary. The lower hydrophobicity of this new polymer causes 
a change in the polymerization mechanism, as the polymerization now occurs across the 
whole capillary, instead of only at the hydrophobic wall. As a consequence the format then 
changes from open-tubular to monolithic and the solvent, ethanol, serves in this case as a 
porogen. As the goal of this work was to optimize open-tubular conditions, the monolithic 
format was not further optimized and the chromatographic characteristics of the latter were 
not evaluated. 
The lowering of the retention and the increase of the mobile-phase velocity with increased 
VSA ratios in the monomer mixture demonstrates that the VSA monomer is tightly 
embedded in the porous polymer layer. Furthermore, the FT-IR spectrum of the polymer 
(polymerized in bulk) showed bands at 1069 and 1093, which were not present in the FT-IR 
spectra of a PS-DVB polymer. These bands are corresponding with the presence of sulfonic 
acid. In addition, Figure VI.4 demonstrates that a sufficiently high and a stable EOF was 
generated at both low and high pH conditions suggesting that the EOF is generated by a 
strong acid, such as vinyl sulfonic acid, which is deprotonated even at low pH conditions.  
 
 
Figure VI.4. The effect of the pH of the buffer on the mobile-phase velocity. 
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The residual small dependency of the EOF on the pH which is observed, can be related to the 
influence of the higher ionic strength at the lower pH's, as a consequence of the addition of 
increasingly larger amounts of acid, which is known to lower the EOF. Alternatively, as the 
influence of residual silanol groups on the capillary wall cannot be excluded, this could also 
explain this phenomenon.   
The EOF generation of the optimized capillary was sufficiently high to perform analyses up to 
well into the C-term of the van Deemter curve, while an analysis of a capillary with 
PS/DVB/VSA ratio of 1/1/1 was only possible in the B-term, even with the used relatively 
short columns (25 cm) and applying the highest voltages (30 kV). The van Deemter curves, 
illustrated in Figure VI.5, were constructed by analyses of the test mixture at 10 different 
voltages ranging between 7.5 and 30 kV.  
 
 
Figure VI.5. Constructed van Deemter curves of methylparaben (squares), ethylparaben 
(circles), propylparaben (triangles). All data points were calculated from the separation 
of the parabens on a S/DVB/VSA (1/1/2) open-tubular capillary with the same analysis 
parameters as described in the experimental section. 
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for open-tubular columns of 10 µm ID (N = L/H = L/dc). However, the van Deemter curves of 
ethylparaben en propylparaben reveal a detrimental effect of retention on the minimum 
plate heights coinciding with minimums of 14.9 and 28 µm, respectively. These reported 
plate heights and their accordingly steep increase in the slope of the C-term (corresponding 
with increasingly slower mass transfers) can be explained by the morphology of the porous 
polystyrene layer. It should be noted that this is fairly consistent with the systematically poor 
results obtained with poly(styrene-divinylbenzene) based packed columns when analyzing 
small molecules in HPLC. It appears that also here the diffusion of the small molecules in PS-
DVB/VSA material is too slow at room temperature [28]. The material should therefore also 
further be evaluated for the analysis of large molecules, who will, as is the case with PS-DVB, 
not migrate into the material and therefore offer improved results. Furthermore, the open-
tubular character of the capillary induces slow mass transfer kinetics from the mobile phase 
to the stationary phase, due to the slow diffusion coefficients of solutes in liquids (compared 
to the diffusion in gases).   
To assess the maximum performance of the open tubular columns, the kinetic plots were 
constructed in the same manner as described in Chapter IV.  
 
 
Figure VI.6. Constructed kinetic plots of methylparaben (red squares), ethylparaben 
(green circles), propylparaben (blue triangles).  
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The kinetic plots in Figure VI.6 demonstrate again the limited performance of the well 
retained solutes. A maximum efficiency of 17,000 plates is obtained for an EOF time of 50 
minutes. Less retained solutes such as methylparaben, can obtain a maximum performance 
of 70,000 plates in the same time. These maximum efficiencies are lower compared to those 
obtained in Chapter IV for packed capillaries, where a maximum of 120,000 plates was 
obtained (for an EOF time of 85 minutes). These results indicate that the slow mass transfer 
still limits the performance of open tubular CEC with 10 µm capillary (if the stationary phase 
is polystyrene based). Smaller inner radii will improve retention and mass transfer velocity 
and hence, result in more performant columns.  
To examine the repeatability, the same analyses were performed on the same column in 
consecutive days. The RSD% of the retention time varied from 0.52 to 0.93% for the day to 
day repeatability. More imperatively, the repeatability of the manufacturing process was 
also investigated by analyzing the same test mixture on 3 columns, prepared in the same 
manner but on different days. Figure VI.7 illustrates the analysis of the test mixture on the 
three columns. The RSD of the retention times was thereby varying between 1.57 to 2.75%.  
 
 
Figure VI.7. Overlay of three separations, run with the same conditions but on three different 
capillaries, prepared at three different days. The mobile phase was composed of ammonium 
acetate (25 mM, pH 5.5) and acetonitrile (60/40). All other analysis parameters were the same 
as described in the experimental section. The compounds and the elution order remained 
thereby the same as in Figure VI.2. 
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As mentioned before, the internal diameter of open-tubular capillaries should in principle be 
further restricted due to the limited diffusion kinetics of the solutes in liquid media 
(compared to gaseous mobile phases). However, the sensitivity of open-tubular columns in 
CEC will be limited for on-column UV-detectors, compared to packed or monolithic columns 
(with broader ID's of 20 to 100 µm). On the other hand, very narrow capillaries dissipate 
Joule heating more effectively and should improve column efficiency and signal to noise 
ratios. The used narrow open-tubular capillaries are therefore more suited to perform 
electrodriven analyses even at higher temperatures. In order to investigate this, isothermal 
analyses were performed at 25°C, 40°C and 60°C. Note that these set temperatures were 
corresponding to the temperatures of the environment in the vicinity of the capillary, as the 
actual temperature in the capillary center cannot be measured during analysis. Figure VI.8A-
C illustrates that a higher set temperature coincides with a higher mobile-phase velocity, due 
to the lower viscosity of the mobile phase. An increase in the temperature from 25°C to 60°C 
corresponded with an increase in mobile-phase velocity from 0.95 mm/s to 1.37 mm/s 
(+40%). Additionally, a drop in retention as a function of temperature could also be noted. A 
reduction in retention factor for butylparaben from 1.0 to 0.67 (-33%) coincided with a rise 
in temperature of 35°C. As this drop in retention is comparable or even lower compared to 
the drop in retention in HPLC at elevated temperatures, this individually proves that no 
problematic Joule-heating phenomena is taking place in the capillary during these analyses 
[29,30]. 
Chapter VI 
   
158 
 
 
Figure VI.8. The influence of set air temperature on the chromatographic characteristics. 
Three isothermal runs at 25°C (A) 40°C (B) and 60°C (C) and a temperature programmed run 
(D) were depicted. The mobile phase was composed of ammonium acetate (25 mM, pH 5.5) 
and acetonitrile (60/40). The effective capillary length was 75 cm. All other analysis 
parameters were the same as described in the experimental section. The compounds and 
the elution order remained the same as in Figure VI.2. 
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However, the effect of the elevated temperatures on the efficiency is more ambiguous. 
Table VI.2 reveals a beneficial effect on the efficiency of the four parabens at higher set 
temperatures (40°C), but simultaneously the efficiency decreases at further elevated 
temperatures (60°C). These observations are directly related to the shifting shape and 
position of the van Deemter curves at different temperatures. 
 
Table VI.2. The efficiency and retention factors of the parabens, analyzed at different set 
temperatures and thermal gradients. 
Compound 
Efficiency N (plates) Retention factor (k or kapp) 
25°C 40°C 60°C 25°C 40°C 60°C Grad 
methylparaben 73245 85577 64505 0.16 0.13 0.09 0.14 
ethylparaben 53622 65066 46848 0.33 0.26 0.18 0.22 
propylparaben 24364 39724 26816 0.5 0.39 0.28 0.30 
butylparaben 8790 17586 14897 1.0 0.83 0.67 0.69 
 
More importantly these results indicate interesting possibilities for the application of 
temperature gradients instead of the, harder to realize, mobile-phase compositional 
gradients, to increase the eluotropic strength in CEC. Note that the measured set 
temperature in the cassette is the actual temperature of the air surrounding the capillary 
and that therefore this is not necessarily the actual temperature at the capillary center. The 
author assumes that there will be a small time delay before the set temperature is reached 
in the capillary center. The optimal temperature gradient ranged between 25°C and 60°C, 
with a gradient rate of 2°C/minute. Figure VI.8D, illustrates a significant drop in the apparent 
retention factors of the retained components. A comparison between the (apparent) 
retention factor of the gradient analysis on the one hand and the isothermal run at 25°C and 
40°C on the other hand, reveals a drop in retention factor for butylparaben of 30 and 17 
percent, respectively. Hence, the gradient expedites the analysis. Nevertheless, the 
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retention of butylparaben at 60°C (isothermal) was still lower compared to the gradient. The 
gradient runs also induced a peak focusing effect, resulting in sharper peak shapes and less 
tailing. In order to quantify this effect, the average peak capacity of the isothermal runs and 
of the gradient run was measured as described in literature [31-33]. A peak capacity of 55 
was obtained for the gradient run (with a time interval of 20 minutes), while the peak 
capacities of the isothermal runs at 25, 40 and 60°C were 50, 54 and 38, respectively. Hence, 
the gradient run is the more favorable choice due to the reduced analysis time and the 
improved peak shape while obtaining slightly higher peak capacities. Clearly, the influence of 
temperature in open-tubular CEC needs further investigation. Note, that the velocity of the 
mobile-phase will change during such a temperature based gradient run, in contrary to 
pressure driven techniques or mobile-phase gradients. This change undoubtedly further 
effects the overall efficiency of the analyses.  
A simulation of the H vs. u curves at different temperatures can be used to investigate the 
possible effect of elevated temperatures on the plate height behavior as a function of the 
linear velocity. This simulation is based on the A-C parameters of the Knox equation, 
acquired from the experimental measured curve of methylparaben at 25°C. According to 
Chen and Horvath, the A-C parameters of the Knox equation are constant and only the 
viscosity of the solvent, η, and the diffusion coefficient of the solute in the solvent, Dm, are 
dependent on the temperature [34,35]. 
Therefore, a H versus u curve can be constructed by rewriting the Knox-equation in terms of 
the plate height (H) and the linear velocity uEOF : 
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Whereby the diffusion coefficients of methylparaben in a 30/70 mixture of 
acetonitrile/water can be calculated by implementing the Wilke-Chang equations [34,36-38]: 
 
           
   
        
       
    Eq. VI.2 
and 
 
            
    
  
 
 
   
 Eq. VI.3 
 
where T represents the absolute temperature, Vb is the molar volume at the normal boiling 
point, M is the molar mass and α stands for the association coefficient. The subscripts sv and 
a represent the solvent and the solute, respectively. 
The viscosity at different temperatures and different can be assessed by the equation 
developed by Chen and Horvath [34,35]: 
 
                    
   
 
 
              
    
 
 
               
   
 
   
Eq. VI.4 
 
where α is the volume fraction of acetonitrile. By calculating the Dm, η and the A-C terms 
(from the experimental curve measured at 25°C), the H vs. u curves were simulated for four 
different temperatures, as illustrated in Figure VI.9. 
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Figure VI.9. Simulated plate-height curves for 10 µm ID capillaries at four different 
temperatures. The plots were calculated by implementing the A-C parameters from 
the methylparaben H vs. u curve at 25°C (Figure VI.5) in Eq.VI.1. Diffusion 
coefficients for methylparaben in 30/70 acetonitrile/water were calculated 
according to Wilke-Chang and Eq. VI. 2-4. 
 
Figure VI.9 demonstrates that a change in temperature has a significant influence on the 
plate height curves. The minima in the plate heights are shifted to higher mobile velocities 
and the C term of the curves are less steep with increasing temperature. For example, at 
15°C a minimum plate height is obtained at 0.45 mm/s while at 60°C a minimum is obtained 
at 1.1 mm/s. At higher temperatures, on the other hand, the B-term will also shift to higher 
mobile velocities and consequently the plate heights will increase if too low mobile velocities 
are used (in the B-term area). Note that the minimum plate height is not affected by an 
increase in temperature. However, it should be stressed that this is only true for fast 
sorption systems.  
This new H vs. u curves allows to produce the corresponding kinetic plots. Two significant 
effects of temperature are hereby visible, as presented in Figure VI.10.  
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Figure VI.10. Simulation of kinetic plots for 10 µm ID capillaries at different 
temperatures (blue: 15°C, black: 25°C, green: 45°C, red: 60°C). Based on the 
obtained van Deemter curves represented in Figure VI.9. 
 
Figure VI.10 illustrates that the KP curves obtained for the higher temperatures are shifted 
to lower log H/uo values. Hence, the elevated temperatures allows an expedited analysis for 
a given column (and stationary phase) and a maximum voltage, while the efficiency of the 
analysis is not affected. On the other hand, the highest obtainable efficiency will be reached 
at the lowest temperature. For instance, at 15°C an efficiency of 95,000 plates will be 
obtained for a 1 meter capillary (and same stationary phase as described in this chapter), 
while only 45,000 plates will be reached at 60°C. In this case, the B-term is predominant. 
However, in this region analyses will become very long and are less favorable to apply.  
4 Conclusion  
The work in this chapter illustrates the development and application of an open-tubular 
capillary with a porous polymer layer of poly(styrene-divinylbenzene-vinylsulfonic acid) in 
capillary electrochromatography. The vinylsulfonic acid generates a stable and sufficiently 
highly EOF over a wide pH range. The polymer layer was optimized in terms of 
polymerization time and monomer composition to obtain an optimum peak shape and EOF 
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generation. This work revealed that as high as possible VSA ratios (S/DVB/VSA 1/1/2) are 
beneficial for the analysis time, efficiency and peak shape of the retained compounds. 
Furthermore, a polymerization time of 30 minutes, resulting in a layer thickness of 400-600 
nm seemed to be the optimum to achieve efficient separations on 10 µm ID capillaries. 
These optimized preparation conditions led to an optimum plate height of 10 µm. However, 
the plate heights increase steeply with retention. Therefore, the beneficial effect of 
performing analyses at elevated temperature were studied. Isothermal analyses at high 
temperature (40°C) were favorable in terms of efficiency and peak shape but the application 
of a temperature gradient expedited the analysis time significantly, while preserving the 
peak capacity. 
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Chapter 7 
 
Investigation into the potential of wall-coated ordered 
mesoporous layers as retaining phase in open-tubular 
electrochromatography 
The coating of the stationary phase on the inner layer of narrow bore capillaries could be a 
straightforward way to manufacture CEC capillaries. In this chapter the coating of an ordered 
mesoporous material, namely SBA-16, functionalized with C18 chains, was therefore 
evaluated as novel stationary phase in CEC. The coating performance was characterized and 
optimized by the separation of a test mixture containing neutral solutes. The neutrality of the 
used test solutes ensures that any observed separation is induced only through 
chromatographic behavior. An SBA-16 layer of 600 nm in an 50 µm ID capillary was obtained 
as most the promising capillary. A maximum efficiency of 31,000 plates was thereby 
obtained. The SBA-16 layer generated an EOF velocity of 0.42 mm/s under these conditions. 
The dependency of the retention and of the EOF velocity with the modifier content was 
investigated. A reduction in EOF velocity with higher modifier content was thereby observed. 
 
 
 
The research described in this chapter is the result of the collaboration between the 
Separation Science Group (SSG, UGENT) and the Center of Ordered Materials, 
Organometallics & Catalysis (COMOC, UGENT). COMOC was responsible for the 
development, characterization and optimization of the sol, while SSG was responsible for 
production and the analytical evaluation of the coated capillaries. 
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1 Introduction  
As mentioned in Chapter III, the efficiency of open-tubular chromatography is directly linked 
to the internal diameter of the column. Moreover, the internal diameter should ideally be 
reduced to 2-5 µm to ensure sufficiently fast mass transfer kinetics between the stationary 
and liquid phase [1]. However this has a detrimental effect on the sample loading capacity of 
the column. As a consequence, the already limited sensitivity of CEC with UV-detection is 
thereby further hampered by the small optical pathway. Furthermore, the retention in much 
of the published OT-LC and OT-CEC work is too limited due to the detrimental phase ratios 
which are used to allow for sufficient column efficiency. 
These problems can to some extent be overcome by enhancing the surface area of the 
coated wall significantly. In Chapter VI a polystyrene based polymer layer was applied as a 
novel stationary phase in CEC. However, the longer retained solutes (k>2) displayed 
relatively low efficiencies and peak tailing due to the slow mass transfer kinetics in the 
polystyrene layer and due to the slow mass transfer through the mobile phase in 10 µm 
capillaries. Silica materials on the other hand, often demonstrate their superior (faster) mass 
transfer kinetics compared to organic polymeric layers. Therefore, the presence of a thin 
layer of silica with a porous structure should be beneficial to enhance the efficiency in CEC. 
Some contributions describing the use of an ordered mesoporous1 structure have been 
reported in liquid chromatography [2-6]. Contrary to conventional silica synthesis, these 
highly-ordered mesoporous silica particles are synthesized by the polycondensation of 
tetraethyl-ortho-silicate in a template formed by micelles structures. The latter form an 
ordered supramolecular structure. After the polycondensation, these micelles are removed 
by a calcination step. The particles tested in various LC-modes were all of MCM-41 based 
silica type where cetyl-trimethylammonium-bromide (CTAB) was used as template forming 
micel. Spherical particles with a narrow size distribution were thereby obtained, but with a 
small mesopore size (2-6 nm). It would be particularly interesting to apply highly-ordered 
mesoporous stationary phases depicting large pore sizes and especially a particularly high 
surface area in open-tubular CEC. The rationale is thereby that the occurrence of a thin layer 
                                                     
1
Note that micropores are smaller than 2 nm, while mesopores have pore sizes between 2 and 50 nm and 
macropores have pore sizes larger than 50 nm. 
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of ordered mesoporous material should allow for comparable or higher retention factors 
compared to the use of un-ordered silica, leading to the possible use of thinner coatings in 
OT-CEC while preserving retention and sample capacity. 
Tian et al. synthesized and packed a capillary with large-pore meso-porous SBA-15 silica 
particles [7]. They obtained particles with a diameter of 400 nm and pore sizes of 12 nm. The 
capillary was tested by the separation of aromatic compounds and a minimum plate height 
of 2 µm was obtained. However, the aromatics were only slightly retained (k < 0.5), 
indicating that band broadening effects were partially suppressed by the poor retention. 
To further enhance the pore size, pluronic F1272 can also be used as template forming 
micelle. The resulting ordered mesopores silica structure is called SBA-16 and the synthesis 
should result in mesopores around 25 nm (250 Å). The synthesis, coating, characterization 
and chromatographic evaluation of the SBA-16 open-tubular layer is described in this 
chapter. The illustration of the ordered silica in Figure VII.I reveals the cubic 3D structure of 
the SBA-16 material. 
 
 
Figure VII.1. The Im3m structure of SBA-16. 
  
                                                     
2
 Pluronic F127 or Poloxamer 407: a hydrophilic triblock copolymer produced by BASF and generally used as an 
non-ionic surfactant. 
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2. Experimental 
2.1. Chemicals, solution and material 
Fused-silica capillaries (50 µm ID) were purchased from CM Scientific (Silsden, United 
Kingdom). MilliQ Water was prepared in house by a water purification instrument from 
Millipore (Bedford, New Hampshire, USA). Acetic acid was obtained by Fiers (Fiers N.V., 
Kuurne, Belgium). Acetonitrile of HPLC quality originated from Biosolve (Valkenswaard, 
Netherlands). All test-solutes, pluronic F127, ethanol, HCL, TEOS, and 2-(4-
morpholino)ethanesulfonic acid (MES) were purchased from Sigma-Aldrich (Bornem, 
Belgium). Stock solutions of test solutes were prepared at 8,000 µg/mL in water or ACN, 
dependent on their solubility and diluted to their final concentrations (in the same solvent 
composition as the mobile phase) for all samples. 
2.2 Synthesis and coating procedure 
The synthesis, characterization and optimization of the coating sol has been described 
before by Ide et al. [8]. To prepare the sol, Pluronic F127 (0.007 mol) was first dissolved in a 
mixture of ethanol (9 mol) and HCl (0.00005 mol) and subsequently stirred during 2 hours at 
room temperature. Simultaneously, a solution of TEOS (1 mol), ethanol (19 mol), HCl 
(0.00025 mol) and H2O (2.8 mol) was stirred for 1 hour and subsequently refluxed at 80°C 
during 1 hour. In the final step, the two solutions were mixed together and refluxed for 2 
hours at 80°C.  
The final solution was left to cool down until room temperature was reached. Subsequently, 
the capillaries were dynamically coated with the sol. Therefore, the sol and the capillary 
were introduced in a pressure bomb, which could withstand pressures up to 300 bar. 
Hereby, the pressure is homogeneously applied by N2 gas, resulting in the introduction of 
the sol into the capillary inlet, which is positioned just above the bottom of the pressure 
bomb, as illustrated in Figure VII.2 
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Figure VII.2. Dynamic coating set-up. 
 
After the coating, the columns were dried under a N2 flow for 12 hours and stabilized in an 
oven at 120°C for another 12 hours. Subsequently, the columns were calcined in a GC-oven 
with a N2 flow at 350°C in order to remove the template forming micelles. The calcination 
step was deliberately kept at 350°C as higher temperatures would break down the 
protective polyimide layer covering the capillaries. 
After the calcination step, the mesoporous SBA-16 has been formed. In the final step, the 
stationary phase is functionalized with C18 groups. Octadecyl dimethylchlorosilane was 
therefore dissolved in toluene and the solution was flushed through the column overnight at 
room temperature. Subsequently, the columns were rinsed with ACN and conditioned with 
mobile phase. Prior to analysis, the capillaries were cut such as to obtain total lengths of 60 
cm. 
2.3 Instrumentation and chromatographic conditions 
CEC measurements were performed on two different systems. Analyses on columns CB1 and 
CC1 were measured with a P/ACE system MDQ (Beckman Coulter, California, USA) equipped 
with UV-detection and a liquid cooling system, while all other analyses were performed on a 
CE 7100 system (Agilent Technologies, Waldbronn, Germany) equipped with an air-cooling 
system, autosampler, diode array detector and a built-in system to pressurize vials.  
capillary
N2 flow
reservoir
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All runs were performed in an isothermal way at 25°C. The background electrolyte consisted 
of a mixture of MES (50 mM, pH 6) and ACN. The ratio of organic modifier ranged from 50 to 
20% as described further in the results sections. Stock solutions of the test solutes were 
prepared at 8,000 µg/ml and dissolved in acetonitrile or water, according to their solubility. 
Runs were performed at 30 kV and samples were injected electrokinetically by applying 5 kV 
during 1-3 seconds. All analyses were run on capillaries with a total length of 60 cm.  
3 Results and discussion 
The aim of this work was the successful coating of an SBA-16 based stationary phase, on the 
inner wall of a capillary to allow testing of its potential in OT-CEC. Therefore, capillaries with 
an ID of 50 µm were coated as these broader radii, compared to normal 2-10 µm ID of OT-
columns, allowed a more facile way to introduce the viscous sol. Furthermore, the sensitivity 
and loadability of the column will improve with larger radii as the stationary phase volume 
and the optical pathway are directly related to the ID. Hence, CE-UV detection is possible 
and will be less hampered by sensitivity problems in this proof-of-concept research. 
As mentioned above, the characterization and optimization of the sol and dip coating on 
silicon substrate were described previously [8]. Brunauer–Emmett–Teller (BET) 
measurements revealed that the SBA-16 material had a total surface area of 523 m2/g and a 
total pore volume of 0.35 cm3/g. However, it has to be mentioned that the characteristics 
and the stability of the sol were highly dependent on the temperature and moisture content 
of the synthesis environment. It was noticed that the polycondensation of the sol was 
initiated at high humidity and warm days, hampering greatly the repeatability of the sol 
synthesis. 
To investigate the characteristics of this type of coating as stationary phase in OT-CEC, all 
analyses were also performed on a normal uncoated blank fused-silica capillary, which was 
directly functionalized with C18 groups. The coated capillaries were distinctive in length, 
coating time and applied coating pressure, as described in Table VII.1. Note that the lengths 
in Table VII.1 are representing the coating length of the capillary.  
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Table VII.1: Column dimensions of  and coating conditions applied in the various manufactured 
capillaries 
Code Total column length 
during synthesis (cm) 
ID  
(µm) 
Coating time 
(min) 
coating pressure 
(bar) 
CB1 60  50 / / 
CB2 200  50 / / 
CC1 60  50 5  8 
CC2 200  50 2880  100 
All columns were coated with ODS. CB corresponds with capillaries which were not treated with the SBA-16 
layer but only derivatized with C18 groups. The capillaries treated with the SBA-16 layer and with C18 groups 
are indicated as coated capillaries (CC). 
The deposited SBA-16 layer was further characterized by SEM pictures and chromatographic 
analyses. Initially, a capillary of 60 cm was coated during 5 min (CC1). The comparison of the 
SEM pictures between CC1 and an uncoated capillary (CB1) revealed the rougher surface of 
CC1, indicating a small deposit of material. However, the thickness of the layer was limited 
and too small to characterize reliably and was not homogenously spread over the surface, as 
visualized in Figure VII.3. 
 
  
Figure VII.3. SEM micrographs from capillaries CB1 and CC1. 
  
A B
1.0 µm2.0 µm
CB1 CC1
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The separation performance was subsequently evaluated in a first stage through analyses of 
thiourea and four parabens on both capillaries. The choice of parabens as test compounds 
(as already explained in Chapter VI) relies on the electroneutrality of these solutes in a wide 
pH-range. Therefore, any observed separation will be the result of a partitioning process 
between the SBA-16 layer and the mobile phase. Hence, in this way the chromatographic 
properties of the layer can be evaluated. Figure VII.4 depicts the separation of the parabens 
on columns CB1 (A) and CC1 (B). 
 
 
Figure VII.4. The separation of thiourea (150 and 20 µg/mL in A and B, respectively) (1), 
methylparaben (2), ethylparaben (3), propylparaben (4) and butylparaben on an SBA-16 untreated 
(A) and treated (B) capillary, respectively. All parabens were present in the sample of a 
concentration of 75 µg/mL. A mobile-phase composition of 20/80 ACN/MES (pH 6, 50 mM) was 
utilized at a voltage of 30 kV. Injection was performed by applying 5 kV during 1 s while UV 
detection was obtained at 254 nm. Capillary dimensions: 60 cm total length; 50 cm effective 
length; 50 µm ID. 
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Despite the limited thickness of the deposit of SBA-16 on the inner wall of the capillary, the 
difference in chromatographic properties between the coated capillary, CC1, and the 
uncoated capillary, CB1 is clearly visible. On the uncoated capillary, all solutes were eluting 
in a time span of 1 minute, indicating none or little retention. On the coated capillary, 
retention significantly increased and the four parabens could be separated and individually 
identified. For example, a retention factor of 0.5 was obtained for butylparaben. However, 
methyl- and ethylparaben were not baseline separated and were only slightly retained with 
retention factors of 0.05 and 0.075, respectively. Another significant difference between the 
uncoated and the coated column is the lower EOF velocity, determined by the elution time 
of thiourea. While CB1 displays a mobile-phase velocity of 0.71 mm/s, the EOF velocity of 
CC1 is at 0.60 mm/s significant lower. This discrepancy can be related to differences in 
coating efficiencies during the functionalization of the free silanol groups with ODS. 
To improve the retention, a thicker SBA-16 layer should be deposited, especially as the  SBA-
16 layer was not homogeneously coated. To improve the thickness of the layer and to 
enhance the homogeneity, a new capillary was coated for a longer time (48 hours) and with 
a higher sol velocity. Therefore, the applied pressure was increased to 100 bar, which is an 8 
fold increase. However, the capillary coating length was also altered to 200 cm and therefore 
the backpressure was increased by a factor of 3.3. As result, the increase in pressure leads to 
a 2.6-fold increase in sol velocity. 
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The SEM pictures of the column obtained in this way (CC2) reveal a clear smooth coating, 
with a thickness of 600 nm, as visualized in Figure VII.5. 
 
 
Figure VII.5. SEM micrographs of CC2. The red band indicates the 600 nm thick layer of SBA-16. 
The thicker layer is a result of the increased coating time (by a factor of 576). As result, the 
TEOS groups have enough time to polycondensate over the whole capillary wall, and layer 
after layer can be formed. The effect of the thickness of the ordered mesoporous layer on 
the chromatographic separation of parabens is depicted in Figure VII.6. 
 
 
Figure VII.6. Separation of thiourea and the four parabens on CC2. Test mixture consisted 
of 75 µg/mL of each solute. All other analysis conditions are the same as described in 
Figure VII.4. Capillary dimensions: 60 cm total length; 52.5 cm effective length; 50 µm ID. 
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The retention and resolution of the parabens clearly increases when a thicker coated layer is 
present. The retention factor of butylparaben increases from 0.5 to 3.3 for CC1 and CC2, 
respectively. Moreover, methylparaben and ethylparaben which were not baseline 
separated on the CC1 capillary, depict now a resolution of 5.89. Furthermore, the mobile-
phase velocity is further reduced to 0.42 mm/s, which is a decrease of 37% and 25% 
compared to EOF velocity of CB1 and CC1. The obtained results of CC2 are consistent with 
those of CC1 and demonstrate the larger induced retention of the formed ordered 
mesoporous layer. However, the evaluation of the efficiency of the parabens is more 
ambiguous as plate heights between 19.2 µm (methylparaben) and 99.8 µm (butylparaben) 
reveal in Table VII.2. 
 
Table VII.2. Chromatographic characteristics of the analysis of four parabens on CC2 shown 
in Figure VII.6. 
Compound 
tr 
(min) 
k N H 
(µm) 
Rs 
thiourea 23.9 / / / / 
methylparaben 32.7 0.37 31093 19.2 / 
ethylparaben 40.3 0.69 16284 36.8 5.89 
propylparaben 59.6 1.5 8976 66.8 7.44 
butylparaben 102.75 3.3 6012 99.8 8.11 
 
The minimum (theoretical) plate heights obtained in open-tubular chromatography should 
ideally be equivalent to the capillary diameter (H=dc). In the case of methyl- and 
ethylparaben the obtained plate heights are significantly lower than 50 µm. However, as 
mentioned before, only well retained components are representative for the band 
broadening effects occurring in the capillary and therefore, the plate heights of propyl- and 
butylparaben are more realistically describing the performance of the column. The low 
efficiency and high plate heights of butylparaben can easily be explained by the large radius 
of the capillary (50 µm) which hampers the effective and fast transfer of the solutes through 
the mobile phase to the stationary phase due to the low diffusion coefficients of solutes in a 
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liquid mobile phase [1]. A reduction of the ID of the capillary should therefore significantly 
improve the efficiency. Furthermore, the plate height is a function of the mobile-phase 
velocity and the minimum plate height should therefore also be obtained through a van 
Deemter curve analysis. Finally, the evaluation of the ultimate performance of the column 
should be done through analyzing the kinetic plots, as described before. This part of the 
study could, however, not be performed due to the time constraints of the project. Note 
that a straightforward comparison between the obtained efficiencies on CC1 and CC2 is 
hindered by the differences in analysis instrumentation. Consequently, different total 
capillary lengths are used, while the effective length remained the same.  
The capillary (CC2) was also investigated for the separation of a homologue series of 
phenones, which was chosen to demonstrate the potential of the C18 functionalized SBA-16 
layer as retentive stationary phase in the reversed phase CEC mode. Figure VII.7A and B 
depicts the obtained electrochromatograms in this way with an acetonitrile content in the 
mobile phase of 40 and 50%, respectively. 
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Figure VII.7. Electrochromatograms of the separation of thiourea (1), propiophenone (2), 
butyrophenone (3), hexanophenone (4), heptanophenone(5), octanophenone (6), decanophenone 
(7) and dodecanophenone (8) on CC2. Mobiles conditions: MES buffer (pH 6, 50 mM) with 40% ACN 
(A) and 50% ACN (B). Test mixture consisted of 125 µg/mL of each solute. Capillary dimensions: 60 
cm total length; 52.5 cm effective length; 50 µm ID. 
 
At 40% acetonitrile all solutes are baseline separated. The most retained (and detected) 
solute, decanophenone depicted a retention factor of 2.4 with a corresponding efficiency of 
8029 plates. Note that dodecanophenone was not detected in the 40% ACN chromatogram 
due to the limited detection window of the method. At 50% acetonitrile the retention was 
lowered with a factor of 5, indicating the strong dependency of the retention on the 
modifier content. The reversed phase behavior of the coated columns was further confirmed 
as the retention of decanophenone lowered from 2.4 to 0.4 with increasing organic content.  
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Furthermore, the dependency of the EOF with the modifier content is quite interesting. For 
the CC2 capillary, the EOF velocity reduced from 0.42 mm/s at 20 % ACN to 0.26 mm/s at 50 
% ACN in a linear way, as depicted in Figure VII.8. 
 
 
Figure VII.8. The influence of the modifier content on the EOF velocity. 
 
These observations are, however, inversed to the observations in CEC literature and Chapter 
VI, where increases of EOF velocity are described with increasing modifier content. 
Therefore, additional measurements should be performed with mobile phases containing 
different acetonitrile fractions and whereby the same total ionic strengths are used.  
4 Conclusion and future prospects 
In this chapter, the coating of SBA-16 as stationary phase for CEC analyses was investigated. 
The mesoporous layer was characterized by SEM micrographs and a layer of 600 nm was 
obtained after two days of coating. Derivatization of the mesoporous layer with C18 chains 
allowed the separation of a series of four parabens and eight phenones at different mobile 
phase conditions. The ordered mesoporous layer demonstrated a significantly improved 
retention of these solutes, even on broad columns in OT-CEC. However, only low efficiencies 
and high plate heights were obtained due to the limited mass transfer.  
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Overall, this chapter describes the proof of concept of the mesoporous layer as a promising 
retentive stationary phase. However, this type of supporting materials for stationary phases 
should be further developed and optimized for capillaries with narrower ID (10 µm and 
beyond) to achieve highly efficient separations. Furthermore, these capillaries should be 
further characterized in terms of the EOF dependency on ionic strength, pH and modifier 
content of the mobile phase. Moreover, the poor repeatability of the coating should also be 
further investigated and improved. 
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Chapter 8 
 
Summary, general conclusions and future prospects 
Capillary electrochromatography has often been described as an efficient separation 
technique, which should exceed HPLC in terms of speed and efficiency. In this technique, 
which can be considered as a hybrid between high-performance liquid chromatography (LC) 
and capillary electrophoresis (CE), the mobile phase transport through a capillary packed 
with stationary phase particles is achieved by electroosmotic flow (EOF), while separation 
occurs by electrophoresis superimposed on the partitioning of the solutes between the 
mobile and stationary phase. 
Initially, very fast CEC separations offering very high efficiencies, when compared to HPLC 
and micro-LC, were reported. However, many of these results were obtained with poorly 
retained or with ionized solutes. Therefore, band broadening effects caused by 
chromatographic behavior (and especially due to mass transfer effects) cannot sincerely be 
assessed due to the limited interaction time with the stationary phase and/or due the 
interference of electrofocusing effects if the solute is ionized. Nowadays, CEC is still not 
implemented in routine analyses and this seems to be at least partially hampered by the 
insufficient resolution obtained for analyses of well-retained neutral molecules. Most recent 
research has been focused on the design of numerous stationary phases in each format 
(packed, open tubular and monolithic capillaries). However, the performance of all these 
formats and stationary phases should be weighted by an independent tool to evaluate 
packing strategies and to expose the bottlenecks of contemporary CEC in a better way.  
In the framework of this thesis, kinetic plots for CEC were implemented for the first time to 
allow the least biased evaluation of the performance of capillary electrochromatography as 
it is today. The kinetic plot approach does not only allow the comparison of the performance 
of different columns but can also be applied to evaluate the influence of different 
chromatographic parameters on the performance. 
 184 
 
This thesis can be divided in two major parts. The first part, which comprises Chapter I-III, 
describes the theoretical background and a thorough literature study of contemporary CEC. 
The second part, which includes Chapter IV to VIII, described the practical work performed in 
the framework of this thesis. 
Chapter I describes the fundamental theory of capillary electrochromatography. Emphasis 
was thereby set on the generation of the electroosmotic flow in electrodriven techniques, as 
fundamental understanding of this proces is required to understand the dynamics of 
separations in CEC. Therefore, the influence of the double layer is explained and the role of 
several parameters, such as pH, temperature and mobile phase composition is thoroughly 
addresses. The different available methods to evaluate the performance in chromatographic 
separation systems, such as the van Deemter theory and the kinetic plot method are thereby 
described in detail. 
Chapter II summarizes the current state-of-the-art of the instruments applied in CEC. The 
hyphenation of different detectors and the consequences of miniaturizing column formats in 
terms of sensitivity and efficiencies are thereby described. Furthermore, the sample 
introduction process into the capillary is described as this differs greatly from HPLC. Finally, 
the importance of temperature control is explained and the rationale for the limitations in 
the applicable voltage is described. 
A thorough literature survey of the different column formats applied in CEC is provided in 
Chapter III. This includes a survey onthe contemporary column manufacturing of packed and 
open-tubular columns. Furthermore, the different separation modes, thus far reported and 
described in CEC literature, are outlined in this Chapter. It can be concluded that almost each 
separation method encountered in HPLC can also be translated to CEC. However, due to the 
dual separation mechanism of CEC, electrophoresis and partitioning, the separation method 
in CEC is often a result of the interplay of several separation modes. 
The kinetic plot method for CEC was developed and implemented in Chapter IV. In 
comparison to HPLC, CEC is not limited by applicable pressure but the mobile phase velocity 
is dependent on the applicable potential difference. Consequently, in analogy to kinetic plots 
in HPLC, data points of H vs. u curve were converted to a time versus N curve by 
implementing the maximum voltage as a limiting factor. Therefore, efficiencies and 
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corresponding EOF times (and column lengths) were multiplied a max factor λ. To assess the 
performance of current CEC, these kinetic plots were constructed for the analysis of well-
retained neutral solutes on commercially available capillaries. Subsequently, a comparison 
between the kinetic plots constructed for CEC and HPLC was performed to evaluate CEC as a 
separation technique. This comparison revealed that commercially available HPLC columns 
still outperformed packed CEC in efficiency and analysis speed. Investigation of the current 
behavior at different voltages revealed that this lower performance could be related to Joule 
heating effects. The effect of Joule heating on the performance was further investigated by 
the analysis of a test mixture at different set temperatures. The possible presence of Joule 
heating was further confirmed by the steep increase in retention measured at the set 
temperatures (when less Joule heating is occurring). Therefore, the maximum performance 
of the commercial capillaries was also evaluated at several temperatures, whereby 
maximum performance was obtained at the lower temperatures. Finally, the kinetic plots for 
capillaries packed with smaller diameter particles and analyzed at ultra high voltages were 
constructed to assess the potential of packed CEC in the future.  
Most analyses in CEC are performed in the reversed phase mode. However the separation of 
polar and basic molecules is difficult to achieve on non polar stationary phases. Hydrophilic 
interaction chromatography with polar stationary phases is more suited to analyze these 
solutes. In CEC, little research has been done in the exploitation of the hydrophilic 
interaction mode and most of this research has been focused on the use of monoliths. In 
Chapter V therefore, capillaries were packed with bare silica particles of various sizes and 
their performance was assessed in various ways. The corresponding van Deemter curves and 
kinetic plots demonstrated that the packing efficiency was higher with the larger particles 
but that the overall column efficiency and the ultimate performance of capillaries packed 
with smaller particles was still better. Furthermore, the mobile phase velocity and the 
retention behavior of the solutes was investigated as a function of the organic modifier 
content. The obtained data demonstrated that the retention mechanism was solely based on 
hydrophilic interaction and that acetonitrile had a significant effect on the mobile phase 
velocity. In addition, the potential of hydrophilic interaction capillary electrochromatography 
as separation mode for polar compounds was demonstrated by the separation of several 
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mixtures including a Triton-X 100 mixture, nitro-aromatic solutes and a mixture of possible 
genotoxic compounds. 
Besides Joule heating, the performance of packed capillaries is often limited due to necessity 
of frits, which incorporates an inhomogeneity into the packed bed and therefore causes 
extra band broadening while making the columns fragile. Therefore in Chapter VI, an open-
tubular capillary was coated with a novel stationary phase: poly(styrene-divinylbenzene-vinyl 
sulfonic acid). Hereby the styrene-divinylbenzene groups acted as a non polar retaining 
stationary phase, while the incorporation of the vinyl sulfonic acid groups assured the 
generation of a sufficiently EOF. A study was performed to optimize the polymerization time 
and the monomer composition in order to obtain the most performant column. In this way it 
could be demonstrated that a high amount of vinyl sulfonic acid was beneficial for the 
efficiency. However, the retention also decreased with increasing amounts of vinyl sulfonic 
acid in the monomer mixture. The performance of the open-tubular capillaries was further 
evaluated through the kinetic plot method. The novel open-tubular capillaries were also 
characterized by a study of the EOF behavior at different pH's and at various temperatures. 
It was thereby established that high temperatures expedite the analyses significantly as the 
mobile-phase velocity is increased and as the retention of the solutes decreases with 
increasing temperatures. Furthermore, the possibility of the use of temperature gradients in 
open-tubular CEC was successfully investigated, without the presence of problematic Joule 
heating phenomena. 
In Chapter VII columns were coated with an ordered mesoporous silica layer, consisting of 
the SBA-16 material. First, the coating conditions were optimized through the evaluation of 
SEM micrographs and the corresponding electrochromatograms of neutral test solutes. In 
this way a thick layer of SBA-16 was successfully deployed as a homogeneous coating on the 
inner wall of a capillary. Several test mixtures were successfully separated and the influence 
of modifier content on retention and EOF velocity was investigated. However, the overall 
efficiency of these columns was limited because of their relatively large internal radii. 
Further investigation of the coating applied on smaller ID capillaries is necessary in this form 
of open-tubular CEC.  
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Overall, in this thesis the performance of contemporary packed capillaries was assessed in 
an unbiased way and compared to the performance of in-house developed open-tubular 
capillaries. The kinetic plot in CEC was successfully applied to investigate and demonstrate 
the underlying problems of current CEC. More particularly, the Joule heating effects in 
packed capillary CEC should be further suppressed to obtain higher efficiencies. Moreover, it 
was demonstrated that CEC would only surpass HPLC if ultra-high voltages are applied on 
CEC capillaries allowing lower plate heights. Open-tubular capillaries on the other hand 
appear easier to fabricate but are still less efficient compared to packed CEC. This is due to 
their still too large internal diameters which limits the speed of mass transfer of the solutes.  
The research described in this thesis allows to conclude that improvements in packed CEC 
can still be obtained by the use of smaller particles for packed capillaries and through the 
application of capillaries with smaller internal diameters in open-tubular approaches. One of 
the main bottlenecks of CEC, i.e. the need for a mobile phase gradient, could be partially 
resolved by the introduction of temperature gradients in open-tubular columns. However, 
the application of temperature gradients in CEC implicates the necessity of an effective Joule 
heat dissipation mechanism. Therefore, the future of CEC could reside in further 
improvement of the open-tubular capillaries. 
However, implementation of CEC as a routine analysis technique would require that CEC 
capillaries can be produced in a more reproducible manner. It became apparent during the 
course of this thesis that the production of (packed and open-tubular) CEC capillaries, is still 
a craft, rather than a science. Capillaries fabricated with the same procedure by different 
persons or at different laboratories will often differ in chromatographic properties. 
Moreover, the efficiencies obtained with the classic stationary phase morphologies (i.e. 
open-tubular, monolithic and packed capillaries) are often comparable or worse as current 
HPLC columns. The developed kinetic plot method for CEC demonstrated furthermore that 
the limitation in maximum applicable voltage is more constraining the length of the column 
compared to the maximum applicable pressure in HPLC. Therefore, the only option to 
achieve higher efficiencies resides in the application of smaller particles or of capillaries with 
smaller internal diameters. However, both approaches complicate the production procedure 
of the capillaries to a great extent and new production processes should be developed. 
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More recently, microchips have been introduced as a new format in liquid chromatography 
and in CEC. These so-called pillar array columns are produced by etching and imprinting 
techniques (such as photolithography) in a very repeatable manner. Therefore, it could be 
interesting to investigate the applicability of the most performant microchips in the CEC 
mode for comparison with the above described approaches in future work.  
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Samenvatting, conclusies en toekomstperspectieven 
Capillaire elektrochromatografie (CEC) wordt beschouwd als een hybride van hoge 
performantie vloeistofchromatografie (HPLC) en capillaire elektroforese (CE). Hierbij 
beweegt de mobiele fase zich door het capillair onder invloed van een elektrisch veld en 
worden de componenten gescheiden door een combinatie van een elektroforetisch en een 
chromatografisch proces. CEC wordt beschouwd als een hoog-efficiënte scheidingstechniek 
met hoge piekcapaciteiten in vergelijking met HPLC. 
De eerste gerapporteerde CEC analyses bewezen de superioriteit van deze 
scheidingstechniek op vlak van efficiëntie en analysesnelheid. Echter werd het merendeel 
van deze analyses uitgevoerd met licht geretenteerde of geladen componenten. Hierdoor is 
de interactie van de stationaire fase met de componenten gelimiteerd en kunnen de 
chromatografische processen die bandverbreding veroorzaken niet of onvoldoende 
geëvalueerd worden. Bovendien wordt de efficiëntie van geladen componenten niet alleen 
bepaald door de chromatografische scheiding maar ook door elektrofocusering. Daardoor 
werd er historisch een vertekend beeld weergegeven van de performantie van CEC. Analyses 
van neutrale en meer geretenteerde componenten toonden aan dat er veelal een lagere 
efficiëntie behaald werd dan verwacht. De oorzaak wordt hierbij meestal toegeschreven aan 
de onvoltooide optimalisatie en ontwikkeling van geschikte strategieën om CEC capillairen te 
produceren. Daarom heeft het CEC onderzoek zich de afgelopen jaren toegespitst op de 
ontwikkeling van verschillende stationaire fases in al zijn vormen (gepakte, open-tubulaire 
en monolithische capillairen). Tot op heden is er echter nog altijd geen onafhankelijke 
methode om de performantie van deze stationaire fases te evalueren en te vergelijken.  
Daarom werden in het kader van deze thesis, kinetische plots voor CEC geïmplementeerd 
om de performantie van CEC zo neutraal mogelijk te kunnen evalueren. Hierdoor kunnen de 
pijnpunten en 'bottlenecks' van CEC beter geïdentificeerd en geëvalueerd worden. 
Bovendien laat de kinetische plot methode ook toe om de invloed van verschillende 
chromatografische parameters op de performantie beter te meten.  
 190 
 
Deze thesis kan onderverdeeld worden in twee grote luiken. Een eerste deel, bestaande uit 
hoofstukken I-III, omvat de theoretische achtergrond van CEC, gecombineerd met een 
grondige literatuurstudie. Het tweede luik, bestaande uit hoofdstukken IV-VII, beschrijft het 
praktisch werk dat werd uitgevoerd in het kader van deze doctoraatstudie.  
De fundamentele theorie van capillaire elektrochromatografie werd behandeld in Hoofdstuk 
I. Aangezien CEC een hybride techniek is, werd daarvoor eerst de achterliggende theorie van 
capillaire elektroforese en vloeistofchromatografie besproken. Hierbij werd er dieper 
ingegaan op de dubbellaag theorie, de zeta-potentiaal en op de invloed van de verschillende 
parameters op de elektroosmose. Het begrijpen van de elektroosmotische flow (EOF) in al 
zijn facetten laat toe om het achterliggende dynamisme van de scheidingen in CEC te 
begrijpen. Vervolgens werd er dieper ingegaan op de theoretische principes van de 
chromatografische scheiding. Hierbij werd er aandacht besteed aan de verschillende 
gangbare methodes om de efficiëntie en performantie van scheidingssystemen te evalueren. 
Ten slotte wordt in dit hoofdstuk de theoretische achtergrond CEC beschreven, aangezien 
scheiding, opwekking van EOF en bandverbreding in CEC verwant zijn aan de processen die 
plaats vinden in CE en HPLC maar daar niet volledig mee overeenstemmen. 
In Hoofdstuk II werden de CEC instrumentatie en de recentste ontwikkelingen op het vlak 
van instrumentatie beschreven. Hierbij werd er specifiek aandacht besteed aan de koppeling 
van de verschillende detectoren met de instrumentatie en aan de invloed van de 
geminiaturiseerde kolomformaten op de detectiegevoeligheid. Daarnaast werd er ook 
aandacht besteed aan de verscheidene manieren die toelaten om de graad van Joule heating 
effecten onder controle te houden. Ten slotte werd er dieper ingegaan op de maximale 
spanningsverschillen die kunnen aangelegd worden met commerciële en experimentele 
instrumenten. 
Een uitgebreide literatuurstudie beschrijft in hoofdstuk III de verschillende stationaire fases 
en de verschillende scheidingsmethodes die al werden toegepast in CEC. Hierbij worden de 
voor- en nadelen van de verschillende stationaire fases types uitvoerig beschreven. 
Vervolgens worden de applicaties en de verschillende methodes besproken. Daarbij wordt er 
extra aandacht besteed aan de kenmerkende eigenschappen van CEC, veroorzaakt door de 
dualiteit (retentie en elektroforese) van het scheidingsmechanisme.  
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Na hoofdstuk III wordt in een rationale de beperkingen van CEC, die beschreven werden in 
de voorgaande hoofdstukken, samengevat en besproken. Hierbij worden er doelstellingen 
en hypotheses geformuleerd die in het praktische gedeelte van deze thesis onderzocht 
worden. Er kon geconcludeerd worden dat een vergelijking tussen HPLC enerzijds en CEC 
anderzijds heel moeilijk is, zonder de ontwikkeling van een methode die een neutrale 
vergelijking mogelijk maakt. Pas na de ontwikkeling hier van, kunnen de verschillende 
scheidingsmethodes en stationaire fases met elkaar vergeleken worden en kan er dieper 
ingegaan worden op de achterliggende problemen die de performantie van hedendaagse 
CEC belemmeren. 
In het praktische gedeelte, werd de kinetische plot (KP) methode voor CEC ontwikkeld en 
toegepast op verschillende kolomformaten. De ontwikkeling van de kinetische plot methode 
in CEC werd beschreven in hoofdstuk IV. CEC is, in tegenstelling tot HPLC, niet gelimiteerd 
door de maximale druk (geleverd door de pomp), maar door het aangelegde 
potentiaalverschil. Daarom kan een kinetische plot gesimuleerd worden door te 
extrapoleren naar het instrumenteel hoogst mogelijk aangelegde potentiaalverschil. Hierbij 
werd er, analoog aan de kinetische plots voor HPLC, een H (plaathoogte) vs. u (mobiele 
fasesnelheid) plot geconverteerd naar een tijd versus N curve. De ontwikkeling van de 
kinetische plot in CEC laat ondermeer toe om de performantie van hedendaagse 
commerciële CEC kolommen te vergelijken met HPLC. Hiervoor werden er analyses 
uitgevoerd, zowel in de CEC als in de HPLC mode, met goed geretenteerde en neutrale 
moleculen. De corresponderende kinetische plots werden vervolgens ontwikkeld en 
vergeleken. Er kon geconcludeerd worden dat efficiëntere en snellere analyses behaald 
werden met de commerciële HPLC aanpak dan met commerciële CEC kolommen. HPLC is dus 
vandaag superieur in termen van chromatografische performantie. Verder onderzoek 
toonde eveneens aan dat de stroomontwikkeling in CEC niet lineair verliep met een toename 
in het aangelegd voltage, wijzende op de mogelijke aanwezigheid van Joule heating effecten. 
Het effect van dit fenomeen op de performantie werd verder onderzocht door het uitvoeren 
van analyses bij verschillende temperaturen. Dit resulteerde in het bekomen van maximale 
performanties bij de laagste temperaturen. Om de mogelijke toekomst van CEC met gepakte 
capillairen te voorspellen werd er tenslotte een simulatie uitgevoerd die de performantie 
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beschrijft van CEC capillairen gepakt met sub-µm partikels en die geanalyseerd werden bij 
ultrahoge voltages. 
De meeste analyses in CEC worden uitgevoerd met de omkeer-fase (RP) scheidingsmode. De 
scheiding (en vooral retentie) van polaire en basische componenten is echter moeilijk te 
verwezenlijken op de daarbij gehanteerde hydrofobe fases. Hydrofiele interactie 
vloeistofchromatografie (HILIC) met polaire stationaire fases is daartoe meer geschikt. Tot 
op heden is er in CEC maar weinig onderzoek uitgevoerd naar de HILIC methode en het 
meeste onderzoek op dit gebied heeft zich tot nu toe toegespitst op het gebruikt van polaire 
monolithische kolommen. Daarom werd er in hoofdstuk V onderzoek uitgevoerd naar 
capillairen gepakt met niet-gemodificeerde silica partikels, aangezien dit de meest voor de 
hand liggende en meest robuuste polaire stationaire fase is. In dit hoofdstuk werd er dan 
ook verder ingegaan op de pakkingstrategie en op de invloed van de partikelgrootte op de 
performantie van de kolom. Hiervoor werd er een vergelijking gemaakt tussen de 
ontwikkelde van Deemter curven en de kinetische plots. Er werd aangetoond dat er een 
significant verschil was tussen de pakkingefficiëntie van de kolom gepakt met 5 µm partikels 
vergeleken met een kolom gepakt met 3 µm partikels. De uiteindelijke efficiëntie en 
performantie van analyses, uitgevoerd op de gepakte capillairen, was echter beter met 
capillairen gepakt met de 3 µm partikels. Daarnaast werd er ook een onderzoek uitgevoerd 
naar de invloed van de mobiele fase samenstelling op de retentie van de hydrofiele 
componenten en op de snelheid van de EOF. De verkregen data toonde aan dat het 
retentiemechanisme gebaseerd was op zuivere hydrofiele interactie en dat de concentratie 
aan acetonitrile een significant effect had op de snelheid van de mobiele fase. Bovendien 
werd de kracht van hydrofiele interactie CEC nader aangetoond door de scheiding van 
verschillende mengsels van polaire componenten. 
In vorige hoofdstukken werd al eerder aangetoond dat Joule heating effecten de 
performantie van gepakte capillairen limiteren. Daarnaast worden er gedurende het 
pakkingsproces ook niet homogene delen (frits) in de pakking geïntroduceerd. Deze frits 
begrenzen aan beide zijden het gepakt bed en functioneren als filter die het gepakt bed 
immobiliseren maar permeabel zijn voor de mobiele fase. Doordat de frits een niet-
homogeen deel vormen, veroorzaken ze bandverbreding tijdens de scheiding. Daarom werd 
er in hoofdstuk VI een open-tubulair (OT) capillair aangemaakt, bestaande uit een 
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polymeerlaag van poly(styreen-divinylbenzeen-vinylsulfonzuur). Hierbij wordt de 
polymeerlaag immers chemisch gebonden aan de capillairwand en is er geen nood aan frits 
om de stationaire fase te immobiliseren. De gepolymeriseerde styreen-divinylbenzeen 
groepen vormen de apolaire basis voor de retentieve stationaire fase en de aanwezigheid 
van de vinylsulfonzuur (VSA) groepen verzekert de generatie van een EOF. De eerste stap 
van het onderzoek beschrijft de optimalisatie van het productieproces. Ondermeer de 
polymerisatietijd en de monomeer compositie werden daarbij zodanig geoptimaliseerd dat 
de meeste performante stationaire fase bekomen werd. Een betere efficiëntie werd ook 
bekomen bij hogere concentraties van VSA in het monomeermengsel. Dit resulteerde echter 
in een meer polaire stationaire fase wat vervolgens een effect had op de retentie van de 
hydrofobe componenten in het testmengsel. De performantie van de capillairen werd verder 
onderzocht met behulp van de kinetische plot methode. Hierdoor werd duidelijk dat OT-CEC 
met deze capillairen interessant kan zijn voor de analyse van zwak geretenteerde 
componenten. De performantie van sterk geretenteerde componenten echter is gelimiteerd 
door de grotere bandverbreding die daarbij optreedt. Dit fenomeen kan waarschijnlijk 
verklaard worden door de trage diffusie van de componenten in de mobiele fase naar de 
stationaire fase en door de lage massa transfer die typisch is voor polystyreen gebaseerde 
stationaire fases. Om de diffusiesnelheid te verhogen werden er vervolgens analyses 
uitgevoerd bij hogere temperaturen. Hierdoor werden de analysetijden gevoelig verkort en 
daalde de retentie met stijgende temperaturen. Bovendien werd de mogelijkheid 
onderzocht om een temperatuursgradiënt in CEC te gebruiken als alternatief voor de 
mobiele fase gradiënt (die niet of moeilijker te verwezenlijken is in CEC). De 
geoptimaliseerde gradiënt (tussen 20 en 60°C) versnelde de analyse gevoelig gecombineerd 
met een vergelijkbare piekcapaciteit als een isothermische analyse bij 25°C. 
Hoofdstuk VI toonde aan dat OT-CEC met stationaire fases gebaseerd op polystyreen minder 
geschikt lijken om performante analyses te bekomen van sterk geretenteerde organische 
moleculen. Daarom werd er in hoofdstuk VII een geordende laag van een type mesoporeus 
silica, SBA-16 genaamd, gecoat op de wand van het capillair. Hierbij werden eerst de 
coatingcondities geoptimaliseerd en geëvalueerd aan de hand van SEM beelden en aan de 
hand van CEC analyses van neutrale testcomponenten. Een coating van enkele honderden 
nanometers kon homogeen afgezet worden op de binnenwand van een capillair. 
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Verschillende testmengsels konden gescheiden worden en de invloed van het acetonitrile 
gehalte in de mobiele fase op de retentie en op de EOF-snelheid werd onderzocht met deze 
nieuwe stationaire fase. Deze studie werd echter uitgevoerd op capillairen met relatief 
brede interne diameters (50 µm ID) en daarom zijn de gemeten performantie en efficiënties 
van deze capillairen eerder beperkt. Verder onderzoek naar de ontwikkeling van SBA-16 
coatings op capillairen met kleinere interne diameters is dan ook nodig. Hierbij moet ook 
aandacht besteed worden aan de reproduceerbaarheid van de sol productie en de coating 
procedure.  
Het doel van deze thesis was de evaluatie en vergelijking van de performantie van 
hedendaagse CEC in al zijn facetten. Daarom werd de kinetische plot methode voor CEC 
ontwikkeld en toegepast om de onderliggende problemen van hedendaagse CEC aan te 
duiden en verder te onderzoeken. Uit deze thesis werd enerzijds duidelijk dat Joule 
opwarmingeffecten beter onderdrukt moeten worden in CEC met gepakte capillairen. Dit 
zou leiden tot hogere efficiëntie en performantie gecombineerd met de mogelijkheid om 
analyses uit te voeren bij hogere voltages. Anderzijds zijn open-tubulaire capillairen 
gemakkelijker te produceren maar minder performant in vergelijking met gepakte 
capillairen. Omdat de opwarmingseffecten daarbij echter beter onderdrukt kunnen worden 
laat dit toe om te analyses bij hogere temperaturen uit te voeren en om een 
temperatuursgradiënt in te stellen.  
Dit doctoraatsonderzoek toont aan dat de performantie van CEC beperkt wordt door 
verscheidene factoren zoals de kolommorfologie, beperkte controle van 
opwarmingseffecten en de gelimiteerd voltages. Daarom zou er verder onderzoek verricht 
moeten worden naar efficiëntere temperatuurscontrole en naar het gebruik van 
temperatuurgradiënten in CEC om de techniek meer toepasbaar te maken. 
Om CEC met gepakte capillairen competitief te maken met HPLC, moeten er grotere 
potentiaalverschillen aangelegd worden in combinatie met capillairen gepakt met kleinere 
partikels. Daarvoor dienen er nieuwe pakkingsstrategieën ontwikkeld te worden en zal de 
CEC-instrumentatie meer complex worden. Bovendien blijft reproduceerbaarheid van het 
productieproces voor zowel gepakte, monolithische als open-tubulaire CEC capillairen 
beperkt.  
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Daarom dient er verder onderzoek gedaan worden naar de ontwikkeling van mogelijke 
alternatieven voor de klassieke kolommorfologieën. Microchips, bijvoorbeeld, kunnen meer 
reproduceerbaar aangemaakt worden door gebruik van een lithografisch of etching proces. 
Recent onderzoek heeft bovendien aangetoond dat micro pillar array kolommen een hogere 
efficiëntie kunnen vertonen (door hun minieme A-term) vergeleken met standaard HPLC-
kolommen. Het zou daarom interessant zijn om de meest performante microchips ook uit te 
testen in CEC.  
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